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1. IN T R O D U C T I O N

A , : - :- . -
~~~~~

‘ 
~l L i  icopti-r sj;n conS ideraf ion is rotor b la d e

( Ia; ,; .- i :~ . F I a ; p  l uc; c L i  r i z I 2 0  w i t h  th  f i s e i a ;e  and t a i l  rotor
:i r e  i i  - o  at ~- -d U’; des i~;n v~ra rnr- t ers ~ such as r e s t  l eng th , f u s e —
1 :i ’p I u i t  , e r i c  rot  o r b lade  f l a p p i n g  stops . t n e  m a n -; possible
i n — f l L i h t  end  ;r o e n u  oo> r e ti on s  r e q u i r e  c o n s i d e rat i o n  of L 1 - s U ~
u r i ne  and  f l a p p ing m o t i o n s  u r Ger a wide v a r iet y  of o per at i n g

cord it ions.

C u r r e n t  d e s ir n  c r i t e r i a  s t a t e  t h a t  a m i n i m u m  r o to r  L i eG e  to
a i r f r a m e  clL -er an ce  of 9 inches  m u s t  he p resen t  to a l low s a f e

r a t i o ns .  l iow -ver , w i t h  these  c r it e r i a  a pp ar e nt L-  s a t i s fi e d ,
i n c i d e n t s  caused U’: excess ive  flapp inc; in all rotor typos s~~i1i
occur in s e rv i c e .

The o b je cr  1 0 05  of t h i s  s t u d y w e r e  to Oero rj l t r -  a g e ner a l  p i c t u re
of f lo o ri n g  riroblems by defining the p r i m a r y  causes of hi gh f lap -

and to f o r r u l a t e  d e sr j n  c r i te r i a .  The scope of t h e  s t u d y
i r c l e dc d  e r - r a r r i n i n U  t h e  e f f e c t  of L a t h  p h y s i c a l  and op er a t i on a l
c oa r a c t e ri s t  cs of t or e e  miss ~on t yp e s  of h e l icop t ers  w i th fo ur
rot - a r i-ys i- --rr s a nd i d e n t i f y i n g  d i f f e r ences i n f l a pp inG c h a r a c —
t er i ;~ !cs.

I N T P F 1 - ’ OiS P. C R I T E R I A

Cirr .- r t  ~l - r:er3l helicopter desi gn specifications , References 1
:rc ir h i , w .- r e  examined  fo r  r o to r  blade flapping design cr1—

terie . These soc-c  ifications addressed rotor blade clearances

‘ Anon., MILITARY SPECIFICATION - STRUCTURAL DESIGN REQUIREMENTS -
HELICOPTERS , MIL-S-8698 (ASG), Naval Publ icat ions and Forms
Center , Washington , D . C . , Feb. 1958.
2Anon., STRUCTURAL DESIGN REQUIREMENTS (HELICOPTERS), AR-56,
Naval Air Systems Command , Department of the Navy , Washington ,
D.C., Feb. 1970.

3Anon ., ENGINEERING DESIGN HANDBOOK , HELICOPTER ENGINEERING ,
PART ONE: PRELIMINARY DESIGN AMCP 706-201, U.S. Army Materiel
Command , Alexandria , Virginia , August 1974.
4Anon., GENERAL SPECIFICATION FOR DESIGN AND CONSTRUCTION OF AIR-
CRAFT WEAPON SYSTEMS, VOLUME II - ROTARY WING AIRCRAFT , SD-24K ,
Naval  Air  Systems Command , Department of the Navy , Washington ,
D.C., December 1971.

~Anon., CIVIL AIR REGULATIONS - PART 6 - ROTORCRAFT AIRWORTHINESS:
NORMAL CATEGORY , Federal Aviation Admin i s t ra t ion, Department of
Transportation , Washington , D.C., December 1966.

~~n o n . ,  FEDERAL AVIATION REGULATIONS , PART 2 7 :  AIRWORTHINESS
STANDAR DS : NORMAL CATEGORY ROTORCRAF T , Federal Avia t ion  Admin-
istration , Department of Transportation, Washington , D.C.,
August 1974.

10



__________ - 

~~~~~~~~~~~~~~~~ .---_—.._- -- - -- - - — - - - --a -- -
‘I ,

r - _, r L o i  i r : - -~~1i q h t  ~ r :d g r e  r ’ 1  u r -r e on s , w i n d  1o~~ds in r t  i r t i r i ’J
t he  r ot o r , t :~~.i r o t  o r  t~~ r c u -  i 0 u t 5 .  o nl y P~- f o r e r ~ce 3

t i e  p r - W l e i t t  of lri — t  Ii j h t  flappi r i ; ’ a r o j  c o n t a c t  -and
st i es ‘ t i _ I ’ t h i s  c on d it  i o n  - u s t  be a vo o i -d or , i f  i t  h a pp e ns
i r t l I v er t 

~- : :  l v , no c ’ : p o ;n - : i t - s 01 p r i m a r y  impo r t i r e 2 t ~- ‘ 0 f i i~~h t
ct: t r o - 0 ~s

i h e se  sp - c i f i c a t ~~o r s  i l  10:, t h - - rotor dc-s r ; n er  t h e  latitude re—
- o i L r e i r  :or  i n n o v a t  i c  G e s i  ~r o u t  do r io  p r o v i de r i lsurl c r- or a
n c  hod of p r - c i t  t h a t  f l a n i . i  r q  will cause  no oroblems in a n y

Im of : 1 i g ht  . - \ t  r o e s e n t  , l ack  of  ex t r em e  f l a p pi n g  d u r i ng
t h e  ( l i t h ’  - s a d  t ho  s t ru c t u ra l  d e m o n s t r a t i o n  qu a l i f i c a t i o n

-s S iS n o r i s i c c r - i  to Pr- s u f f i c i en t  p roof  t h a t  no f i ap p i  r ig
r ab i e m s  - : • : i s t .  

- - n , once  the  h e l i c o p t e r  is in s e r vic e , the  v a r i e t y  of
ss ior S am ;  o - r a t  i on al  r r a n e u r ’ ers  r ay  uncover areas in which ,

desr- r~ ~~
- he ex~ -risivo tests Dv the r:er~ufacturer , the licensing

a ro n -c - : , or  h -  cus t o:- or  , f I -iorii to; h -come s  a problem . Fuse lage
st  r i k e s , r e st  U 1:1: i n - ; ,  droop stop p o u n d  L i q ,  and h i g h  f a t i g u e
loads  a r e  a l l  s-coo oms of - : - : : - s s i v e  f l ap p ing t h a t  may n o t
ar t o - er  i n  : u s t l r :  -a ion  t S t S G e n c re l l ’ -’ , t hese  f l a p p i n g  r o—
b le :-t s  a r is e  w h ’ - n  ;~ h e l r - - o r e -r  is o p e r a te d  o u t s id e  the recom-
mende d  f i  ~g h c r c : - I on ’ - or ~-dc-ri 2 -m o o n e r ~ts have  failed . It is
in these a r ea s  t h a t  a d -  :c it e  G e s i q n  r r  it e r i a  do not ex i s t .

1. 2 TECHNICAL A P P R O A C H

The a p p r o a c h  used in ~his stud y an  w i t h  t h e  development  of
s imula t ion  models  of t h r ee  h e l i e: ~

- rs and t h r e e  rotor  types .
Then  a p a r a m E t r i c  s tudy  wa S ma de  u s i n g  one of tho se  he l icopters
to p a i n  i n s i gh t  i n to  the b a s i c  causes of excessive f l a p p i n g .
Pilot tolerar-ces and p h y s i c a l  c a p a b i l i t i e s  were  assessed to
p r ov i d e  r e a l i s t i c  m a n e u v e r i n g  l i m i t s  th a t  were  used in a simu-
l a t i o n  program of suspected c r i t i c a l  f l i gh t  c o n d i t i o n s .  From
t h i s  s i m u l a t i o n , a number  of bas ic  causes of hi gh f l a p p i n g  were
f o u n d .  U s i n g  the r e s u l t s  of t h i s  s t u d y and the  c u r r e n t  design
s~~r c i f i ca t i o n s , a proposed new des ign  criterion was formulated .

11
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2 .  S I P U I A T  I O N  MODEL DEVELO PMENT

T h t -  b a s i c  (u n c r  i o n s  of the main rotor a r e  to p r o v i d e  l i f t , pro-
n-u ision , in-i ( a r c i - s  and moments to ma iiit uin trim or to ch a n- ;c
the - -r ~~i l ibi ium of the helicopter. The pilot controls the
::e p - i t tide and or i en t a t  i o n  of the rotor forces and r : v i r r e r : t s  w i t h
the cyclic a r id  collective controls.

The individua l rotor blades jerierate forces and moments as t h e y
rotate about the rotor shaft. To maintain equilibrium the
b l a d e s  ou s t  c rea te  appro:-:im~~tc l y the  same thrust at all tires
i~ ~~~~~ sw~- -;, around the shaft; thus , in all but hovering
f l ic 1 i t  , t h e  u n - -~ e i l  v el o c i t i e s  o f  the advancing and retrea t ing
b l a b s  r e q u i r e  flanp i n q  to adjust the bLade angle of -attack
to maintain this constant thrust. Since the thrust j)roci iu-ueu
by each blade is aror-oximately equal around the disk , the thrust
vc -c to r  w i l l  he a p p r o x i m a t e l y perpe nd i c u l a r  to the disk. There—
fore , changes in flapp ing relate to chariqes in the orientation
of rotor thrust and hub moments required to balance the heli—
Coo t er.

2 .1 G L N E RA f  I i A ~~P i N G  D E S C R I P T I O N

A r o r -~r b l a d e  mounted  on a i~ias t  may be represented as an
e l a s t i c  bear - h inged  near  or on the nest centerline. The hinge
may be in the for m  of a t ee t e r in g  p in , a f l a p ping h inge , or an
aprarent h i n g e  for  h i n q e l e s s  ro to r s .  The rotor  system may have
a set precone angle with respect to the mast. In addition , the
mast will be mounted through a pylon system which may tilt
w i t h  respect to the fuselage .aterline (horizontal plane in
t h e  body axis). These relations are illustrated in Figure 1.

T o  ways of looking at flapp ing are apparent from this figure.
If the clearance between the rotor blade and the airframe is of
interest , knowledge of the deflection of the blade relative to
the fuselage is needed . If clearance at the flapping stop or
t h e  hub bending moments are of interest , the hub flapping angle
with respect to the shaft axis is important. Both these aspects
of flapping are also functions of the shaft tilt from its
nominal setting.

In steady fli ~ht , the shaft will generally tilt in the direction
tending to relieve flapp ing ; i.e., forward tilt with down
forward flapp ing. However , in maneuvers involving rapid mul—
tiplc- cyclic control inputs , it may be possible to get the pylon
t o  t i l t  in a direction tending to increase shaft ang le flapp ing.

12
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Figure 1. Spanwise view of elas t ic  rotor  blade .
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S i ru n--  ‘ h r  S s t u d y  uses  at  t io is he 1 i ccg t - u s aiic c r c  py lon
s a r I - art s2-s ‘ - i t t  d y n a m i c  - I i  0 a i l - t i - - or r i ch  h - I  L e a p t - n , t~~l :
rlg i-i : 10 u1 -~~s - ‘ n : s l - i - r e t i  Lu a- - r i q ~~d l y a t t a c h - c f  to  t r i ~~ f u s e —
i a g t  - I t ill in ;es .  T h i s  si n i p l i t  i C ~~ t i o n  p r o v u  h G  i l u p p i i l J
cc In c ’s  c u e  ff0 -i b y i i r i c c ’ r t - i  L I I  ~- v l o r t  d 1 n a r i  i i : ; ; .  lIou-i - i cr , wh c  It
: t : n t i 0 c l t o  a c t  ual hr-i L ’ - - t  - r n , r ull py lon  r e ; r e c c - r t t  a t l o f l  sno - i lu

- is -I

t ’,h ~~r~ cons  r i c n i r ;  r o t r o i t — o f — n - l i r ; e  d i sp lace :o- : ts , the ri -h or
I I a-i c a t  -a :- - i r t ra dar iz i : : - ; t f  I -come s i r ;p- ortani t. Pro ;:

El r io - 2 , ‘ h ~ t r a i l i r ~i i r e  of t_ llc- i - aGe is seert to U the
s p ~~in t or t h u  i l i l e .  P i t : t r ~de t 1 ; i ;~t g en e ra l l y low r

I t  t h e  t i p ,  t b -  p i ’ :h - -~~r t h e  h - i l .  ( a n d  con :-; -~~u e r t t l y n e a r s
• :. - fu s e  I u p -  ‘tOt ; a r - a )  is !: o t- r- -osi t l ’ -’e , a r i d  the min ir .uru out—
of— t i O t i e  i- - (Icc’ in! 5 a r e  t he  l-~-.-; -St. The calculation of l a p —

i r - r  - cUt t o r t  r n -  e d e - p ~~~ 0 tn  - I 
~~

- ;
~~~

- cl a r - ar i c e  m u s t  t h e r e f o r e
in c l u d e  c ol l r c~ ‘i p i t  :h.

2.2 P tNt N A T I O N  • -

The s in - c l  itt ion m o d - I s  ;c-cn-l oo u f a r  this study were r e p r e s o n—
at ~ ice  of  c :rrent h l t cup t ’: r  designs. Three mission types ,

u t  ility , attack , a r id  o b s e r vet  ion , - i - r e  developed from or- - istir~-~
B e l l  t i e l r c ~- p r o r  T e xt r o n  (BUT) n~e 1icopters w i t h  s i m p l i f i e d
f -an - - l e o -  and - i l o e n n aqe  a e r o - i c ’n am i c s , and w i t h  no pylon degrees
of  freedom. Since t ; - s e  h e l i co ; r~er s  did not r epre sen t  a c t u a l
n - r - oj i t c n i o n  h e l i c p~~e rs , no ~jruss wei ght/center of gravity
ur velope , r o t o r  : i - ~ limi t s , or airspeed limits were avail—
able. Pstim at c s of thE- se -~ nd o t n u - r  l i m i t s  were made , but no
a o u c l u r i i ; r i s  c ou l d  he d r aw n  f o r  f l i i 1 i u t  o p e r a t i o n  beyond norma l
r n - c - r a t i o n a l  :n’:L- i : r ; c s .  In order to r X C f l i j i i O  t h i s  c ines t i on , an
rxistir:’ - l i c o p t e r  w i t h  opo ration envelopes based on fatigue ,
har ull;ro: q ual i t i e s , v ; h r a t  ion i c - i r i s , e tc . ,  must  be used .

Four • of n o t ~~r s y s tem s  w er e  used on the u t i l i t y  type
h €: l i e - i .  c e r .  t i - c - c c  were  t .- -o -b l aded  teetering rotors with and
wi b ou t  h u b  ru - s t r a  r f l t  end  f o t i r — b l a d e d  ro tors  w i t h  a r t i c u l a t e d
an d  h i r i q e l c— s s  hub t~~~o c - s .  In o r d e r  to compare these rotor
ty pes , t he  U I  ide  r a d i u s  and o p e r a t i n g  ro tor  rpm were unchanged
and tee Lock n erubers of the blade s were held cons tan t .

The s i m u l a t i o n  of the c r i t i c a l  f l i ght condition used the C81
R o t o r c r a f t  P i r - -~ 1 i i t ion P r o gr a m  ( R e f e r e n c e  7 ) .  The BHT hyb r id
con r u t - er v er s io n  of t h i s  p rog ram was used , w h i c h  placed some
li m i t -i t L o n s  on t h u ’ ,t o r  represer i t i c i r - . h ybrid C8l is re-
strict~ - i  to r i g i d , c e n t r a l ly h inged  b l ad e s  w i t h  e q u a t i o n s  u s e d

TM
J. -I . Davis , et ci , -LYt’ORCRAFT FLIGHT SII - I ULA I’ IO N WITH AERO-
ELASTIC ROT a - i  A dD I~IPR OV E D A K i a ) U Y N A I - h l C RE P RESEN TATION , USAA MRDL
Technica l  Repor t  7 4 — b A , 3 , C , E u s ti s  D i r e c t o r a t e , U . S . A rmy
i~i r  N o b i l i ty Resea rch  a n i  Development  L a b o r a t o r y ,  For t  E u s ti s ,
V i r g i n i a , June 1) 7 ’ , AL) 7 32 8 4 , 782736 , and 782341.
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Figure 2. Rotor blade displacement.
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or  r o t o r  ; -  i ocl yn irti i cs . Titr- rotor sys t u ris w -r  i c i o t h-  led as
i i  I t i S t i l t e E l  i n  F i g u r e  3. ‘I h u -  t w o — b l a d e d  t e e t e r i n g  r o to r  is
te resc r it ~-~i with a cen t t i l  by located t e : t  e r i n g  p in a r i d  a r i girl
hu b  with und crsli nj ing and pr ec o nr i . This allows moment c a r r y —
oc’ t- r from one blair to t he  o the r , s i m i l a r  to w h a t  e x i st s  in  t h ~
act ua l  ro tor  sys t em .

Th e ar t i c u l a t e d  r o t o r  w i t h  o f f s e t  f l a p p i ng h i nge s  could not  Ut-
ru - I t r e s e n ted  as e x a c t l y  on the hy b r i d  ve r s ion  of C81. T h i s
ro to r  wa s  modeled  as f o u r  independent  b lades  t h a t  a r t -  c e nt r a l l y
h inged  w i t h  f l a p p ing r e s t r a i n t  s p r i n g s  chosen to match  t h u  f i e p —
wise  n a t u r a l  f r c c~uency of the  a r t i c u l a t e d  ro tor .  hi t - n t h y  f l a p -
wise  n a t u r a l  fr e q u e n c i e s  are  matched , the m od e l e d  b l a i r - s w i l l
respond to f i r s t  h a r m o n i c  e x c i t a t i o n  the same as the a c t u a l
a r t i c u l a t e d  b lades .  The s i m u l a t io n  is considered to be ade-
quate fo r  the compar ison of f i r s t  h a r m o n i c  b lade f l ap p i n g  or
the a c t u a l  and s i m u l a t e d  ro tor  systems .

The h in ge l e s s  rotor  was r e p r e s e n t e d  s i m i l a r l y  in t h a t  a eec ;—
t r a l l y  hinged blade w i t h  f l a p p i n g  r e s t r a i n t  chosen t a  ;;t t C t t  ‘ ;

f i r s t  ha rmonic  f r e q u e n c y  was used .

2 . 3  FLAPPING DESCRIPTION

R e p r e s e n t i n g  a l l  ro tor  types w i t h  ri g id , c e n t r a l ly h i r ~ ;L- u r o t u i
b l a d es , the method  used to describe the i r  f l app i n g  m o t i o n  w i l l
be deve loped .  As the blades  ro t a t e  around the s h a f t  a;-:is , t h e
f lapp ing of a b lade at  any a z i m u t h  can be represen ted  u s i n g  a
F o u r i e r  ser ies  of the form

N
= a - Z (a n cos n~ + b sin )

S n=l s s

where N is the number of harmonics to be used .

If oni\- the f i r s t  h a r m o n i c  ( o n e —p e r -r e v )  is used , N = l  and t h e
equation can be written as

= a — a cos -;: = b sin -
-s o 1 1

S S S

or

= a — c1 cos( -;)
S S

16
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Teetering Rotor Simulation Model

Art icu la ted  Rotor Simulat ion Model

HingelesS Rotor Simulat ion Model

Figure 3. Nithematicab models of blade quarter chord lines
used in hybr id  C8l .
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where

= 
~~~ 

- +
S S S

/b l
—Il s

= tan

In h i s  f o r m , a0 is the coning or mean flapping ang le of the -

b lade  i n the s h a f t  ax i s  s y s t e m .  The a r t i cu la ted  or h in geles s I
r o t o r  c o n i n g  a ng l e  depends on the rotor  t h r u s t  and w i l l  thus  

-~

car” as a m a n e u v e r  is performed . The coning angle of a teeter— I
ing rotor also varies with thrust; however , the mathematical
model -co n s i d e r s  the c o n i n g  ang le f i x ed , equal  to th e precone -

-

angle of the hub.

S i n c e  the coning angle is fixed for the teetering rotor models ,
aol’,’ the f i r s t— h a r m o n i c  f l a p ping te rms  need be used to de-
scribe the rig id blade flapping . The articulated and hingeless
r o t o r s  r eq u i r e  c o n i n g  and  f i r s t  h a r m o n i c  f l a p p i n g  to desc r ibe
blade  mot ion  (Fi gure  4 ) .

In addition , the individual blades respond to higher harmonic -~

aerodynamic inputs. However , in all simulations , the second—
harmonic  terms were  no t iceab le  but , s ince they con t r i bu t ed
only a small amount to the total flapp ing , the first—harmonic I

representation was considered to be sufficient.

18
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3. 1 ARZO-IUTRIC STUDY

The basic idea of t p a r a r -t r i c  s tud y is to isolate the effects
of independent ‘:arielj l changes art the dependent variable to
be i n v e s t i- r a t e d .  To be e x h a u s t i v e, each variable should be
checked  f o r  a l l  c o m b i n a t i o n s  of va l u e s  of the i ndependen t  var-
i able s.

Fo r t h i s st u dy ,  the  c o n d i t i o n s  and p a r a m e ter s  to be inves-
t i ga t e d  are c l a s s i f i e d  as f o l l o w s :

Physical Characteristics of the helicopter

- Roto r

- A i r f r a m e

Operational Characteristics of the Helicop ter

- Flight Conditions

- Rotor Ope ra t i ng  Cond i t ions

- Control Inputs (pilot or failure—induced )

This classification accounts for various combinations of air-
frame and rotor system geometric and aerodynamic characteristics
that are compatible. Once the geometry is fixed , the variety
of flight conditions must cover various airspeeds , altitudes ,
angular rates , rotor RPM settings , power conditions , control
inputs , etc. The matrix of possible combinations of these
indepe ndent var iables is enormous.

The specific parameters chosen for this work were:

— Rotor thrust coefficient and advance ratio

- Control ‘nputs

- Long itudinal and lateral center of gravity location

- Fuselage angle of attack and sideslip

— Flapping rest raint or hinge of fse t

- Blade flexibility

— Gus t s

20
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These r e c t o r s  w e r e  p i c k ed  ban -U on f l i g h t  c- xp er  teli cre , t - ~~t

results , ar id  a n a l y t i c al  s t u d i e s  as br ing  s ig n i f ic a n t  car, ’ r~~—
L ;tors to high f l a pp ing  magnitudes.

3.1 ISOLATED ROTOR A N A L Y S I S

‘the  first portion of the p ar a m e t r i c  s t u d y  was for the to ’ or is -—
l a t e d  from t h e  helicopter , as in a wind tunnel. T i e  rorces and
:; o r i e r u t  s generated by the rotor are simp ly r ea c t- -i to b y the mast
with no mast displacement allowed.

Initiall y, a simplified analysis was developed to p~ o-iiJe a
rn -ens of predicting flapping trends with equations whose i n —
cliv iduel t e r m s  could be examined to show the effects of various
param eters on f l a p p ing . V a r i o u s  types of two-bladed and four-
b l a l c I  rotor systems were simulated; however , even with a set
of simp lif ying assumptions , the derivation produced a set of
five sirruultaneous equations for a hingeless or articulated rotor
systr -r ;; and two simultaneous equations for a two—bladed teeter—
ir - I  rotor system. This makes it very difficult to make a judge-
men - by observation on what effect a single parameter might have
on ( l a p p i n g .

These simp lified equations were solved with a digital computer
r .~ro~~r i:-u , and sweeps of flapping springs , flapping hinge offset ,
shart angle , velocity and thrust coefficient to solidity ratio

- - )  were made.  The f l a pping trends for these parameters
I a r ~ked reasonable , but when similar configurations were run in
C81, t h e  magnitudes of the total flapp ing angle were much
hi-;h c- r than the simplified analysis showed . This was partl y
due to the lower collective pitch angles that the simplified
analysis calculated to obtain the same CT

/Cr . Also , the analysis
assumed no stall , uniform inflow , a neg ligible radial component
of the resultant air velocity , a simplified expression for t h e
induced velocity that is independent of flapping, and a collec-
tive pitch angle necessary to provide a specified CT/u that
is independent of flapp ing . These assumptions are not in C8l ,
and it is believed that this is the cause of the low flapping
angles calculated by the analys is, especially at high values
of C

T/c and advance ratio.

The discrepancies between C8l and this simplified analysis were
too large to allow confidence in the analysis for the para-
metric investigations. To improve the analysis would require
the e l i m i n a t i o n  of the stated assumptions , but this would com-
plicate the method to a degree near that of C8l. Therefore ,
the effort for a simplified analysis was dropped in favor of
the di gital C8l computer program .
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1. 1. 1  Ro to r  S i r r a let ion Rescil ts ¶

The sir- : rotor conf i r J e r at ions descriu -d earlier were used in
hr w r  ; ; i  t u n n e l  t ied-  - ot digi tel C8 . Computer runs w re t r a d e

‘:ar y i n ;  t~ he a d v a n c e  ratio , CT/c , tU l i f t  ang le , -a nd the flap—

r hinge of (set or t h e  f l ap p  i nj rest ta int when app l ic a b le .
Ihe cyclic cur-trols were set to zero , a n d  the collective pitch
was SWt t t to c a n e r  a r a nge  of C~ / - ’  fo r  a g i co n  s h a f t  a ng l e  and

.‘ - l o r i r c .  ~-ll of the  r ot o r  c o n l i ; nr a t  ions  showed a linear in—
cr c - a ny  in  d ,w r ;  aft f l a ; p r - ;  with all increasing advance ratio
for urn stttille d roto r c o r i i i i t  l o t s .  The l a t e r a l  f l a p ping s t a r t e d
conr n r ig h t  a t  low advance r a t i o s  and s h i f t e d  slig h t l y  upward
as t h e  advance ratio increased. As the collective pitch was
increased , which inc reased C

T/r I the down aft flapping grew

larger erri the  do,-,-n  right lateral flapping showed a slight
in crease. hhen the combination of advance ratio and CT/-u be—

c a m n e  large enough to introduce a stalled condition , the down aft
f l a u p i n g  g rew sharply and the lateral flapping began to s h i f t
t oward - t o  - lef t . These trends continued as the rotor went
leeoc- r into stall. Changes in the shaft angle only altered
the -ra - In itudo of C

T/c  fo r a given collective pitch , but there

was no c h a ng e  in the flapping trends.

Fi gure 5 illustrates the effect of toe rotor thrust coefficient
on toe total fleoping angle in this wind tunnel mode . When re-
r r r a t L r : i  blade stall is reached , the increase in blade flapping
is ju ite apparent. These results are for a rotor operating in
s t - - -ad y conditions. In maneuvers , the angular rates developed on
t h e  h e l i c op t e r  will change the thrust coefficient for this blacte
s t a l l  e f f e c t .  In particular , the positive pitch rates seen while
:- erneuve’ring at high load factors can increase the thrust coef-
ficient at stall significantly, as reported in Reference 8.

F’lapprnq hinge offset and restraint were varied for the hingeless
and articulated rotors , and changes in flapping restraint were
also introduced to the utility two—bladed rotor configuration.
However , since these rotors were in the wind tunnel mode , which
tixe~ the shaft ang le regardless of the loads transmitted to it ,
th ere was very little change in flapping . This is because
r e a l i st ic va lues  of hinge offset and restraint only change the
firs t out—of- p lane natural frequency from 1 per rev to values
less than 1.1 per rev. Since the flapping determined in the

‘E. L. Brown and P. S. Schmidt , THE EFFECT OF HELICOPTER PITCH—
Or - VELOCITY ON ROTOR LIFT CAPABILITY , Journal of the American
Helicopter Society, Vol. 8, No. 4, October 1963.
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n - l i r e  i tc ;:tnru l rmiude is s ing 1 y the  f o r c e d  u / r um i c response , tb se
t i :. I 1 1 chin es in l ie  flapo in; I r eq u -n :y produce small c h a nge s
in flepoing response - o t t  though the loads t rc:sinitted to t h e
sher t m a y  n -~i r - 1- by a l a r g e  a m o u n t .  A l ’  s i x  ro to r  c o n f i - ~ - i r - a t r an s
n h o ,-n d  b a s i c a l l y  t i - -  san e l a u p i n g  t m - r i d s  in t h e  w i n d  cr u el
mode w i t h  the cyclic pitch controls set to zero . The main

- n i t  con is t~ iaO the i- wr  aft f I Cpp m y  grows at a r a p  Li
ret: , amel the la~ -re 1 r l a p pin g  s h i f t s  -ward down id t when
t h r -  r o t - i t -  is d r l n ’ 4 n  r t o  St  a l l .

3.1.2 Contr4 I m : p c t s  a n d  A n gu l a r  Rates

S w - t sh p l -ete  c o n t r o l  in p u t s  are ve r y  r o we r f u l  in producing flu11 —
ping with resnr-ct to t h e  s ha f t .  A n g u l a r  r a t e s  of r o t a t i o n
abou t  the  rotor h -al in  t b -  nitch or roll directions also
p- ner au - - shaft ant is flapping . Simple expressions are available
in t he  l i t e r a t u r e  f o r  (le g in g  caused by changes in these
parameters for a rotor mounted on a. shaft that does not dis—
place due to rotor loads as it w o u l d  in a wind tunnel.

If the flapping of a rotor blade is  expressed as

a — a
1 cos ~ — b

1 
sin -

5 5

a n d the  p i tch a s

-r = A - A 1 cos - B1 sin -

then an appro;-: ima t ion  of the f l a p p i n g  due to a l o ng i t u d i n a l
sw a s h pl a t e  i npu t  is

ais = — ( 1 + 2.2~~~)

1

and for a lateral input ,

‘S = 1
A 1

These equa t i ons  approximate the steady-state changes in rotor
f l a pping due to a control input for a helicopter that is not
free to respond to the f o r c e s  and moments resulting from
these inputs .

24



~~~~r ~~~~~~~~~~~~~~~~~~ - -—-p— 
- 
i,•~-.--—~~’ - - - -~~——~ -~~~~~~ ---~~-- ~ 

~~

‘- i~~~

__
~ 

- 

~~~~~ 

- - -- —---- - - -

l i re  t r a r i s i e r i t r e s u , l l s 1 :  ‘ o s’ em come r ul  i n r u ~ ~~~~~ be Ar -p ro:-: —

- z i t ’~~t a s i m - g  t l I c  m o m - o r La  
~ 

a L l O I S (i- ’elerence A ) :

= 
I t  / 1

1 —

and

= ~ ~~~
_
~
j _

~ - )
‘rhe enproximate change in longitudinal ro to r  flapp ing due to a
lan-citudinal steo j~ p:t 

l:

Tci: 
~~~~~~~~~~~~~~ 

~

S

n
~
,here c = -~~~~-~~~~

This assumes that the aerodyriara ic forces are much greater than
the blade inertial forces , which allows us to assume that the
r o t o r  can be re-presented as a first order rather than a second
order sy s t em . This  is a reasonable approximation only as long
as the ua:-n ing is large , as it is in most rotor systems.

An e x a ru ip i e  of t h i s  f i r s t  o rder  response  is s h o wn  in Figure 6
f o r  a ro tor  in f l a t  p i t c h .

It is noti--:ed that , with this assumption , no over shoo t  is seen
even with the instantaneous control input. This  phenomenon was
v e r i f i e d  on the  hybrid simulation and , for example , in test
measurements on an actua l heliconter , as reported in Refer-
ence 10.

Two methods were used to assess the effects of control input
rates on flapping . In the first , a teetering and articulated
rotor were each simulated in the wind—tunnel mode of digital
C81 at 140 knots , sea level standard day conditions. The teeter-
ing rotor was modeled with a rig id hub attached to flapwise

“K. B. Amer, THEORY OF HELICOPTER DAMPING IN PITCH OR ROLL AND
A COMPARISON WITH FLIGHT MEASUREMENTS , Technical Note 2136 ,
N A C A , October 1950.

10R. H. Springer and D. Berger , CATEGORY II PERFORMANCE TEST OF
THE UH-1J HELICOPTER , VOLUME II , Technical Report No. 72-17 ,
U. S. Ai r Force Fligh t Test Center, Edwards AFB, Calif., May
1 ~) 72.
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Figure 6. Flapping response to aft cyclic pitch step input.
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flexib le blades . 111 a r t  ::  dated r o o t  used ro;i -: e lu d e s  n-~i t ir
but h r l app in g  i r d  l o a d —  1- a g h i n r ; es . ‘[‘he i j S t  ar -; le was eiios’n n
to corr - s p o r d  to t h e  t r i m m e d  mast ang le for ic air ra f ’ a t  I -~ 1
knots. bach of t h €  three rotor controls (collective , Jo:;;it i d ; m a l
cy- - lic a r i d  ir±ora.1 cyclic) were moved i r : i -~iondentl y t o  d e l  e r n i e

he tl ~i m -  t r i g  due  t o  v a r y i ng  c o n t ro l  ru f -s. The ore-scribe-i ‘I O u —
t r o l  m o t i o n  wa s :

~ Two rotor
revolutions

~~~~
rol_____ /

trol 
~Contro~~~~~~~~~

An g l e  Two rotor
~~~~r ev olu t ion s

t= 0. 0

The- control rates were 5.0 dog/sec and 10.0 dog/ see , w i t h  t h e
results given in Tables 1 and 2. As can bc s :-en , do~~b l  m y  the
contro l rates caused no appreciable change in t he  flapp ing f-ar
cyclic or collective inputs.

The second method involved a series of control inputs in the
wind tunnel mode of hybrid C8l , using the teeterinq- rotor utility
hel i c o p t e r  mode l .  C o n t r o l  i n p u t  times , to, from 0.01 Ia 1.0 secwere used to a p p l y inputs of t h e  f o r m :

Constant

Rate

Magni tude

Constant

t~o t z~t0
In all cases , the flapping increased to its stead y-stat e value
after the control input with no overshoot. At the higher con-
t ro l  ra tes  where  the t ime  r e q u i r e d  t o  app l y the i n p u t  w a s  on
the order of the time of a rotor ri’n’olution , the acimuth
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T A P i N G  1. TI T E R I N G  ROTOR F L A P P I N G  R E S P O N S E
iT TO CCNT RO L, RAT [-’G

Control T- lax .  Hub ‘-~-ax . Tip ‘-P n .  Tire
-c ontrol - 2 - 3 

-

o-at e  Toot  ( -r i n u  F 1 a m re~~ng F l an g i n g
____________  

(~ i -- -r - ‘s - c )  (dog) (deo) (deg)

C o l le c t iv e  5 . 0  7.  ~6 11.34 — 4 . 3 9
10.0 7.48 11.49 —4.62

Lon- n itu d in iu i 5.0 7.15 8.41 —6.12
C-:clic 10.0 7.62 8.90 —6.59

Lateral 5.0 -1. ~ 6. 7’i —2. 54
c_’vclic 10 . 0  -1 .56  6.90 —2.56

Ste-ad-: flight vilut e 1.33 3. ( - 4  0.65

1Posit i ’:e  C o n t r o l  gates: Collective—Up , Longitudinal—Forward ,
L i t o r a l — R i o i m t .

2To et er i nq  = Notion of R i g i d  Bir t Hu h  About  T e e t e r i ng  P in
3
Tio Flapping Includes Precone ; For ir e l by Angle Between S h a f t
Plane and Line From Center of Rotor to Blade Tie
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TAB I~l-: 2 .  ARTICULATED ROTOR FL~T-, P P I N G  RESP P-I SI -
DUE TO CONTROL RATES

Control Max.Root Min .Root Max . Tip M m .  Tip
Control Rate 1 Flapping 2 Flapping 2 Flapp ing 3 Flapping 3

_____________ 
(deg/sec) (deg) (deg) (deg) (deg)

Collective 5.0 9.98 —4 .18 9.55 —4 .28
10.0 10.38 —4.52 9.94 —4. 62

L o n g i t u d i n a l  5.0 7.32 —5.35 6.94- —5. 42
Cyclic 10.0 7.37 —5.64 6.99 —5.72

Lateral 5.0 6.92 —1.67 6.55 —1.83
Cycl ic  10.0 7.13 —1.83 6.76 —1.9 9

Steady F l i g h t  ~
7alues  3 . 0 6  1.58 2 . 7 9  1.39

1P o s i t i v e  Con t ro l  R a t e s :  Col lect ive-Up , L o n g i t u d i n a l - F o r w a r d,
L a t e r a l — R ig h t .

2Root Flanging = Angle Between Sh a ’t Piano and Strai :rht Line
From Flapping H i ng e  Pin (5% Radius) and
Blade at 10% R u c l i u s

3Tin Flanning = A n g le Betwee n Shaft Plane and Line from Center
of Rotor to E l u d e  Ti n .
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posit i on  of t i m e  rotor wh~ re the step was appl re -u became ir por—
t e n t .  If input w i n r ude- with the blade it t  a Ia:orable position ,
he - u t  eud y — s t a t e  f t a p - g i r t ; would be reached faster than at

other asimuths.

3.1.3 Effect of O pe r a t i n g  Conditions

r m d e r  normal operating conditions , the rotor possesses-sufficient
c h m m p i n g  not to overshoot the amount of flapping commanded by
sw-mn hplate inputs. However , the flapping respon se equations
will allow evaluation of some of the effects of other ~1:rra—
meters on flapping due to control inputs.

Consider first the effect of reduced rotor rpm at constant air-
runoed . Since we are considering transient maneuvers , rpm

~-alues much lower than those which would sustain le’.-el flight
may be seen .

Longitudinal flapp ing due to longitudinal swashplate inputs

is a function of p 2 and will cause an increase in flapp ing with
reduced rotor rpm . This effect isn ’t significant except at
very low rotor speeds , on the order of half the normal rpm ,
and in this condition , rotor stall effects may dominate. How-
ever , the effect of rotor rpm on rotor response is much more

-a 1direct. An rpm decrease will decrease s so that the rotor

will reach its commanded position faster.

The rotor response term is also affected by parameters in the
Lock numbe r .

-~ -ac R
4 

= a ~~~~~

Hi gh density altitudes will reduce the Lock number , which w ill
in turn lengthen the response time of the rotor. In addition ,
changes in the blade lift curve slope due to blade stall or
changes in operating Nach number will also affect the Lock number.

When the following parameters are varied independentl y for an
unstalled rotor , rpm decrease leads to:

— An increase in longitudinal flapping caused by long i-
tudinal control inputs

— No change in lateral flapping caused by lateral control
inputs
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- Arm increase in rot ‘ 11 l am p i ny caused by a longer re-
sponse t l u r e

Density decrease l - a d : ;  t a :

— No e f f e c t  on I l l ~~j i l I i ~ c i - r : - ; - ’ i  by cent r u  inputs

— An increase in rot r dan.p r n-p caused by A longer n —
sponse t i m e

Once blade stall becomes s i ; r i f i c a n t , no s i m p l e  means  e x i s t s  to
predict this effect. The bla.d~ - ave ri ’;~’ lift curve slope will
decrease as the blade stalls , i umc r - a s i ur J the rotor follow i ng
time. Retreating blade stall also contributes some down aft
flapping caused by loss of lift on the blade at -- = 270°.

Another effect that may be present is the reduction of pitch
and roll damp ing in conditions of high thrust and high inflow
velocities (Reference 9). This condition is typically found
in a high-power climb at low airspeeds and will cause a loss
of stability, requiring control inputs to maintain control.

In summary , the variations in flapp ing response due to control
inputs are predicted well by classical theory except where
blade stall is significant. The trends calculated using the
hybrid and the digital versions of C8l agree well with simple
t h e o ry .

3.2 ROTOR AND FUSELAGE COMBINED

The remaining parameters for investigation require the com-
bination of the rotor and a fuselage to account for flapp ing
in trimmed flight. In order to present the flapp ing in-
formation in an easily pictured form , a polar plot representa-
tion of flapp ing is used .

If the centrally hinged blades are described by the first
harmonic flapp ing terms , the tip of the blades may be described
as rotating in a plane that is tilted from a plane perpen-
dicular to the shaft. Figure 7 illustrates a tip pa th pl ane
tilted down aft by a

1 
degrees and down ri ght by b1 degrees

S 5
from the plane perpendicular to the shaft. Since the tip path
plane is represented by only the first harmonic terms , th i s
plane may be described as

= — a1 cos ~ 
b sin ~~

‘

which  w i l l  a lso descr ibe a blade f l a p p ing angle  w i t h  respect to
the rotor shaft.
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F igure  7. Tip path p lane in s h af t  axis  system .
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Ir it ;  i i f f i c u l t  to p i c t  ore the disk in this form whi r r ~ resuntirr ’J
fl i po irm ; data , and a p l c - f e - r u  -U r c - p r r - s en t a t i o n  is  fo~~r r d  i t  the
aL —:i - eL r u a t i o n  is c u r l - m i  -rtcni tjj polar form:

= — c 1 cos L—:
5

Where 
- -- -

c 1 ~ 
a 1 

- 
+ 

~l 

-

~ 

/b 1
= ar c t ; in  ( - - ---

~~

5

Thus , c is the rex 1 tr ot: : m u a j n  1 t uc l e of s l r u f t  a x i s  t l a p p i r r g  , e n d
l~

is the asimuth r osi ion i t  w h i c h  the - m a x i m u m  dow: flap: i rm j
o c c u r s .  In  t h i s  aria , t b -  I l a p p in  in a g in- i- n condit ion - L a y  be
n,lot t c :rl in pol ar form where the radial distance corresponds to
the fla t - i n ;  magnitude and the angular coordinate corresponds
to ~h0 az r u t h .

Dig it rl C3l was used  ~~ - p -nerate a series of trimmed— i li g h t
c o n d i t i o n s  f o r  t h e  e n t i r e  helicopter (rotor and airframe ) i n
~ h u c h  the shaft a :-:is flapping coefficients were calculated .

3.2 .1 baseline_ Ilellco; ter Flapp ing

Figure 8 shows the flapp ing trend for the baseline ut i l i t y
helic :on- tc-r at a mid—gross weight and a neutral cent c r of gravity
location. Anal ysis of this plot will indicate some basic char i -c-
teristics of the h e l i c o p t e r  and will provide a base on which
the par er-met n c  study w i l l  r e s t .  S t a r t i n g  at  hover , t he  f l a t - p i ng
is about 2~ down aft and left. The left flapp ing is c ’xpcc t e d
lu —cause of the left tilt of th~ main rotor thrust v i c t o r  tli ,u t
is reoucred to balance the tail rotor thrust , which is to the
right.

As rearward fli- - ;ht is entered , a large down aft flapping change
of about 4° is se-cut , prirnarlll because of the elevator configur-
ation used for this helicopter . A tail—boom—mounted ele\-ator
at about 75% rotor radius will receive the full impact of main
rotor downwash in hover , causing a significant download . As
rearward fli ght is entered , the rotor wake- will graduall y sweep
forward of the elevator , and when f r e e  of this wake , the ole-
vator download will diminish signific antly, providing a nose—
down pitching moment that will cause the tail of the aircr a ft
to rise. As no significant change in the rotor thrust vector
tilt is required to ac-count for this change , i t s  ~~r i - m u t o r t i o n
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Utility Helicopter with Two-Bladed Teetering Rotor
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/
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Figure 8 . Polar plot of main rotor flapping in tr immed
level f li g h t .
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1~~: space will e::ein a; proxir rua t el y ~h -  sat e, and the pilot will
l~ r e q - l i  red to prov I d -  aft cyci inn swash 1- a t -  tilt to ma intain
r- - i nuard flight. The rotor -.-;ill t bus f l o p  aft with respect to
h rot or shaft. It is anna rent tha t , if the elevator were not

rnia L ln:t ed on the tail L i - r :  i n  this m a n r i c - r  , this aft flapping in
n/ - u r’.- :ird 1 i - ~ h t  w o u l m i  ru n t be as pronounced.

Fr sm. hover to forward fli ght , we see a change in flapping that
is m r in ;ari ly -mlo ~.-i r u ri - tim . Part of this is due- to a reduction in
t he- r ail rotor thrust requir e-ni , and nart is due to the curved
inflow effect , which will cause down right flapp ing for slow
f o r wa rd flight. As speed is increased , the f lap p in g t r end is
down forward and left , reflecting the increasing thrust vector
f o r w a r d  t i i  t to counteract the drag at higher speeds and the
in c r e a s e d  s ide  f o r c e  f r o m  the  f i n  and t a i l  ro tor  t h a t  is r v —
guir eni mrs rain reran torque is increased. As will be discussed ,
the flappir l- ] at high speed is a strong function of the pitch
stability of the aircraft.

Figure 9 presents the flapp ing trends of the baseline heli-
copter for right and left sideward flight. In right sideward
fli ght , almost pure down aft flapping occurs between hover
and about 30 knots. rFhis trend occurs because: (1) the dis-
torted inflow at low advance ratio causes flapp ing about an
axis at 90 degrees to the direction of flight (Reference 11), and
(2) down aft flapp ing is caused by the r€~duced elevator download
he-cause of a lower induced velocity from the main rotor as air-
speed is increased from hover. In addition , on some helicopters
with conventional main rotor direction of rotation (counterclock-
wise as viewed from above), the tail rotor thrust provides a
nrapuisive force to the right that keeps the fuselage roll
a t t i t u d e  near  level at speeds below about 30 knots. At higher
speeds , a tendency for the rotor wake to sweep off of the
elevator , g iv ing  an additional nose down pitching moment , will
exist that may also give more down aft flapping . This effect
has been verified experimentall y on a BHT gunship.

For left sideward flight , the low advance ratio inflow effect
tends to make the rotor flap down forward , and the reduced
download on the el eva tor wi th increased speed g ives down af t
flapping, resulting in less total flapping change since these
e f f e c t s  oppose each o t h e r .

3.2.2 Center of Gravity Location Effect

The fuselage longitudinal and lateral center of gravity (cg)
location is a powerful factor affecting flapping. Cg location

1 1 F. D. Harris , ARTICULATED ROTOR BLADE FLAPPING MOTION AT LOW
ADVANCE RATIO , Journal of the American Helicopter Society,
Vol. 17, No. 1, January 1972 , pp. 4l—4~~.
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Utility Helicopter with Two-Bladed Teetering Rotor

= 15 ,000 lb Neutral cg
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F i g ur e  9.  Effe ct of sicleward flig ht velocity Ofl ma i n  ro tor

f l a pp ing in trimmed level flig ht.
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irngac S / r : both / I e  p i r c i m  or ro l l  a t ti t  ude e-f the shin in hover
and on the rch stab ility of be a i r c r a f t .  A n o t h e r  factor is
the e f f e c t  on m u r i t r o l  m a r g in s  i i :  f i  i g i rt t I - i t  t r a y  orovide ;i

lit:i t 0- at t u inab lc oi r sr r -n d in - l  u i v e n  d a r t - c t u a n .

F: r u r e  10 ;;imew :-; t b -  e-f (oct of a loru; it udinal up shift in for-
ward ar-n I r~ - i r w i r d  t l i - : l i t . Be- l aw 40 kno t s  a ir s ~~ce-d , the  center
of jravity shi tt r i -suits in men i-ly a e-t u ar ;n in -iou: f l A p p i n g
rury fr mr - m the cent -r  of gravity for all ar t  spec- -J s .  In this
low—speed  r e - Sim e , i- he p r i n c ip a l  e f f e c t  of cer ;t er  of g r a v i ty
ln~cat ion is on the fuselage attitude.

~ no :e ab o u t  40 ~;rm ()ts , the aerod yn amic  e f f e c t s  o f the center of
gravity on pitch stability become important. In c r e ased p itch
stability at forward cg tends to make the fuseia~~e r es is t
follo— .-.-jn nr the rotor in the down fn-rw-m;rd flapoing n ece s s a r y  t:~o
r i l t  the t h ru s t  vec tor  forward for high speed flight. ~t -a f t
cg, the flapping remains relatively constant t rom 40 to 140
knots , reflecting both the reduced fuselage p i t ch  s t a b i l i t y  and
the more powerful effects of d c- -ato m p aring when t h e -  cyclic
control is well forward , as required when f l ying at aft eq. The-
elevator gearing -ased in this ship is shown in Figure ii.

Lateral center of gravity offsets do not affect the pitch
stability as do longitudinal cg effects , as shown in Figure 12 .
Thus , the effect in high speed flight is p r i m a r ily  a l a t e r a l
flapp ing down and am-.a from the eq location with very r - m a l l
c- h i r -m es in flapping trends with airspeed.

It should be noted that extreme right lateral cg locations in
combination with forward ~~q locations will give large m a g n i t u d e s
of daw n a f t  and l e f t  f l ap p i n g  in rearward  f l i g h t .  In o ther
stead y f l ight regimes , the flapping would not be excessive
unless the cen ter of gravity limits were exceeded by a large-
n/a rq in.

3.2.3 E f f e c t of Sidesli p

Previous studies of flapp ing (unpublished Ar :r ;y d a t a )  h a v e  in-
dicated that large sid-:2sli p angles can cause high flapp ing ,
which made this parameter -:aniation of particular interest.
The initial s t u d y ,  as presented in Figure 13 , indicated that
f l a p ping was r e l a t i v e ly insensitive to side -sli p . The baseline
u t i l i t y  h e l i c o p t e r  was f lown at 15—degree sicieslip angles from
—35 to 140 knots airsneed. Even at 140 knot:- ; , the change in
flapp ing for a net change of 30° sidesii p u rmi le was less than 20 .

The fuselage was modif red t a  include a large rolling moment
due to sideslip f i r :-; (dihedral effect) to show that this
f u s e l a g e  a e r o d y n a m i c  te rm was ve ry  i m p o r t a nt  in describing
rl app n nj due to sideslip, as shown in Figure 14. Both positive
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Figure 10. Effect of longitudinal center of quav it e positiun
on main rotor flapp ing in trimmed level fli ght.
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main rotor flapping in trimni / -ni level fl ight.
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F igure  14 . Ef fect  of dihedral on main rotor flapping in
trimmed sideslip level fli ght.
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( u  i- jb t r o i l i ng  momen t  dun to nose- r~~ht 
:;icb-:-:1 up) u /c l u -  ~~

~I i h - dr a l  i t  iect - iO / - /l s ! u r l i f t c a r r r ‘llNiii / ~~~ ii n t l a p p in g .  ‘l’he
r agni tu-d c- ot fuselugn- r i l l i d n a l  was e>r-j : ; -r u  t e d  for th i s  at rdy
e a t  t h e  t rend W I S  url: / :iSt akl bl L- : t i n - ~ i - - : t  c :e  -l ib - d u a l  st a—
I / i  l i ty  of the fas l ige W~ i S  L I ~e d r i v i r r a  factor in
s ic !es h i~ f l i g h t .

It she u i a  hi  n o t e d  t ha t  (- : - : e - ss i vc  por :u t ive or n- ; - a t i v e  a~ hedral
w o u l d  not i~~ a-c - c u ta b l e  f ront a h a n d l i ng  qu a l i t i e s  s t a n d p o i n t
t ur d th at this s t e~~d y flight e f f -ct  wou ld  not be l i k e ly on p i n —
:iuc ion a i r - n  ft

Th- - I re’: rotus studies indica t - I that 
- 

hi -ul -~ fla1 1- ing ‘/ 0  : c u su r e - d
in flight t - ~~ f in riuht s1~ i -ward flight , wuil e l e f t  si eward
ft i - r ht gave  lower f l i p pi n g . T h i s  led lie r est  a r c h - r s  to i-he-
c//:r -clus ion t h a t  nose left s i de -r i  up would cause 13 ~~e l a p U i f lj  h r

h i gh— sneed fonwa rd fli ght. The Pa La obta m e d  in he present
w or k  c on t r a d i c t  th i s  c o n c l u s i on  and  led to a stud y of t Ir e - r u —
sons large flapping ang les we -ne me -as  ia~ ed -

The dat source  used Lv tb/ -se researchers that gives i1a cm iip :u
fl-ti n-pin /a l : r  r i g h t  sm d e w a r d  f l igh t  wa s  a - ril abl , m c i  t b :  lo  d i n g
condition for this -st was  f o u n d  t o  iv -  : - i : - : i m u n u  f a u a - i a r d  cy :nr
~ he t -st aircraft. In this c o r d i t  ion , i i - . - f I i r j - i r r u  in  hover
was almost 4—1/2° and w o ul d  be down a~ for tb.. for-; rJ eq
loading . The maximum f l a p p ing  in i c - f t  s i d - -ms - a r d [ l i - ; t ~ was
4—1/4° and , a n  r i r i u t  s i d e w a rd , W a S  si igh~ ly over i D . In r -ar—
ward flir;ht , 7—3/4° flapp ing was measured .

As noted in the discussion of s iu l- - m Ird f l i g h t  f l a r n i n I  c h u r u — - —
teristics , the low advance ratio i n f l o w  e lf c - ct  n i  the elevator
download variation will produce down aft flappinj f o r  righ t
side-ward fli ght . When this effect is con: l e d  u i t  h i - l i t -  a-
aft f l ap p ino due to the f ox - -w a r d  eq i O a C i 1 1 l~~ , s ign i ( i c a n t  f l a p -
pi ng magnitud es will result.

i t  is concluded that the large flapping measured in rig ht si de —
ward flight was in the down aft direction and was c m a u s i - d  i - y  t h e
low advance ratio effect and ti-ic loss of Pow:; load on f l u e  clv - —
cater. While this is a real effect in the  sidu ’~-,- a r d  i l i g h t
e n v i r o n m e n t , the e x t e n s i o n  of t h i s  t e n d e n c y  to  h i g he r  speeds
w o u l d  be erroneous.

3 . 2 . 4  E f f e c t  of Gross  Wei gh t

For a ;iven flight condition , an increase in gross wei ght w ill
r i - c i t u i r e  a h i ;her thrust level and , because of the- in cr e a s e d
torque needed , larger antitorque farce .
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l- ’i gu r e  15 al~~a u s tnati-s the r ldp~Jin J trends of the baseline heli—
toter in fo:w uP arr ~I rearward fli ght with gross weights Iron

10 , 000 i L  t -
~ 20 ,000 lb. ~t low speeds , more- down left flapping

o c c :u r s  as ;xoss weight inert-ases , because of the left main rotor
t In  us’ tilt necessary to balance the increasing antitorr~un force.
As f o r w a r d  sp ed increases , the lighter gross weight configuration
c c  ~u i r e - s  more  d-: W r r  f o r w a r d  f l a p p ing . S ince  the  a e r o d y n a m i c  d ra g
is about the same regardless of gross weight , the light—weight
mti I r I  r o t o r  thrust vector must tilt further forward to provide
t i -ic- same l -r ~ puls1’~-’e component for a given airspeed . Nore thrust
vector tilt requires more down flapping in the direction of the
t h ru s t  :ec tor .

3.2.5 Effect ot Rotor RPM

Va rr~~tion in rotor rpm is significant in high sp e- -e d  i o r wt r v d
f l igh t  p r i m a r i ly because of its effect on retreating blade
s t a l l  a n d  on advanc ing  blade M a c h  number  ( F ig u r e  11-) .

A~t high airspeeds , if the rpm is too low , the retreating blade
will ent -r a stall reuin;e which causes down aft flapping . This
stall becomes a significant factor at higher speeds and low
rpm (hi gh ad’.-ance ratios) and will limit the maximum airspeed
a t t a i n a b l e .

7~t high rpm and high speed , the advancing blade reaches a Mach
nun-her above the drag divergence Mach number of the blade air-
foil. The u i d i ~~io na1 rotor drag requires more forward flapping
‘o produce more propulsive force. At the highest speeds cal-
culated , a large  horsepower increase is required (at 140 knots ,
ar - u i nc rease  f rom 300 to 330 rpm required an additional 1000
ho n ; -  powc-r )

At low airspeeds , the main effec t of ro tor rpm is the change i n
tail rotor t h r u s t  r e q u i r e m e n t s  to compensate  fo r  m a i n  ro tor
t o n g u e  changes  w i t h  rpm . Inc reased  t a i l  ro tor  t h r u s t  r e q u i r e s
a main rotor th’-ust component to the left , which will give :iow:
left flapping .

3.2.( Effect of Fuselage Angle of Attack

The wide variation in fuselage ang le of attack over the operating
r an u - -:e of the helicopter was considered .

Climbs and -lescents are the most common sources of large , steady
angle of at- tack changes seen by the helicopter. Climb and
descent speeds of 600 and 1200 fpm were run over the forward
speed na n le of 60 to 140 knots. The 1200 fprn data is presented
in Fi :ure 17. The major effect on flapping is the change in
ant it - or /pi e requirements , which requires down left flapping in
cli n ic : . A discontinuity is found between (0 and 80 knots in
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Figure 15 . Effect of gross weight on main rotor flapping
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Figure 16. Effect of rotor RPM on main rotor flapping 
in

tr immed level f l i gh t .
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F i g u r e  17. E f f e c t  of climbs and descents  on m a i n  ro tor
f l - i n n i n g  in trimmed f l iq h t .
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c l imb  d o -  to stalling of the horizontal stabiliser. The m a t h
model has - i shu rn c l u m n / J e  i n  l i f t  oncc- s ta l l  is reached and ,
- ‘m ra ced tcY f l u  g l u t  t e s t  d a t a , t ends  to  a-ragg -rate - the pitchi nj
moment e f l e ct .

3.2.7 Effect of Flappi ng  R e s t r a i n t

I - l a p p i n g  r e s t r a i n t  can come f rom a f l a p p i n g  r e s t r a i n t  s p r i ng ,
t he effective r e s t r a i n t  of a f l ap p ing h i n g e  o f f s e t , or the  hub
e l a s t i c i ty  in t i u e -  h i ng e le ss  r o to r .  In genera l , the a d d i t i o n
of fla ppinr i restraint increases the control power of t h e ro tor
no that p i t c h i n g  -arrd rolling moments produced by a unit swash plate
input ire caused by both the thrust vector tilt and an additional
hub moment due to the- flapp ing restraint .

At low s:teeds , hub r e s t r a i n t  reduces the ang le be tween  the ro tor
l i s k  an d the f u s e l a g e , which  gives a reduction in flappr ng with
i:a c u. eased h ;ub  restraint. In hover , the f l a p p i n g  v a r i a t i o n  w i t h
h u l -  r e s t r a i nt  is a n pr o x i m at e l y :

= 1
- K~~~0 

________1 + ( O W ) ( h )

where K = f l a np ing with hub restraint
11

K 0 flapp ing with no hub  r e s t r a i n t
H

G - . = gross weight of helicopter (lb)

h = vertical distance front fuselage
ver t i ca l  erg to the hub ( f t )

K
11 = hub r e s t r a i n t  ( f t  l b/ r a P )

This  a p p r o x i m a t i o n  is va lid  onl y n a r  hover .  At hi ghe r s p e -u - d~~,
the fuse lage  aerodynamic moments dominate the flapp ing angle ,
and the add i t ion  of hub r e s t r a i n t  makes  onl y mino r  c h m n ; c s  in
f l a p p i n g ,  as shown in Fi gure 18.
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3 . 2 . 8  i- :r fuct of Blade F l e x i b i l i t y

S i n ce t h t -  ii - ; l 1 r i d  c o n - p u t  er rrugram used ~or t h e  cr~~t ic a l  f l i g h t
cont l i t ion i n ve s t  u j u t  i o n  doesni ’ t have the  cap1ib ;  l i t y  of i:~u d e l —
m g  elastic r -  or  b l ad -s , t I e -  e f f e c t  of b l a d e  I lexibi li ty was
i n v e s t  r~ :at ed in st -ad- ~ flight using dig ital C8l.

The air f r a n c -  mo/ i l used in this simulation onl y W a 5  a p r o d u c t i o n
Be l l  H e l i c oo t er  ‘l e : - r t r o n  ( B H T )  g u n s h i p  a t  m e d i u m  gross w e i g h t  -an d
neutral center of gravity. The teetering two—blade-d rotor
model -P on; the oroduct ;-u n~ ro tor  used on t h i s  shi p .

Four—bladed hin / eless arid articulated rotors were also modeled ,
each havi nu c the sane r ad i u s , h a l f  the chord , and h a l f  the t r u s s
of the two-bladed rotor , so that the blade Lock numbers for all
three rotors were the sane . The a r t i c u l a t e d  rotor  had the f l a p
and lag bearings collocatud at five percent  r a d i u s .

Each of the basic rotors (teetering, h inge-l e s s , and articulated)
was analyzed for standard , halved , and d ou b l ed beamwise stiff-
ness, giving a total of nine rotors. The first three cyclic arvi
first three collective modes were used for each of the teetering
rotors , while the hinge-less and articulate 1 rotors were each re-
presented by the first four scissors modes. All mode shapes
were generated using the Myklestad Analysis as described in
Reference 12.

The he l i cop te r  was t r immed in level , un a c c e l er a t e d  f l i g h t  a t
60 , 100 , and 140 knots true airspeed under sea l evel , standard
day conditions for each of the nine rotor models , with the
follcwing results :

3 . 2 . 8.1 Tee t e r i ng  Rotors

The hub flapping angle for the teetering rotor is the angular
d i sp l acemen t  of the r ig id  hub about  the t e e t e r i n g  p i n .  I t  does
not include any blade coning . The tip flapping angle is defined
as the angle between a straight line connecting the center of
the rot-or to the ti p and a plane perpendicular to the rotor
shaft.

The hub and t i p osc i l l a to ry  f l apping an g les in ste ady f l i ght
are expressed as one—half the difference between the maximum
and minimum flapping and are l i s ted  in Table 3 for two airspeeds .
The maximum difference of 6% in hub flapping and 7% for tip
flapp ing is g iven for a change in blade s t iff ness by a fac tor
of two .

1 2 R . L. 8ennett , DIGITAL COMPUTE R P ROGRAM DF 1758: FULLY COUPLED
NATU RAL FREQUENCIES AND MODE SHAPES OF A HELICOPTER ROTOR
BLADE , Report No. 299-099-724 , Bell Hel icop ter  Textron ,
For t  Wor th , Texas , March 1975 .
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TABLE 3 . E F FECT OF BLADE I L E X E B I L I T Y  ON AMPLITUDE
OF TIP  FLAPPINU ANULE FOR TEETERINU ROTOR -

Airspeed 1-la ~- in q  Amp l it u d e  —

Basel ine ‘~ x Baseline 2 x Baseline -

Blade Bl ade Blade -

S t i f f n e s s  S t i f f n e s s  S t i f f n e s s  -

60 Kn 1.717 deg 1. 7 2 9  Peg 
— 

1 . 7 0 6  deg

100 Rn 0.467 deg 0.453 deg 0.467 deg

140 Fn 2 . 3 0 0  Peg 2.323 deg 2.368 deg

‘Flaozjinu amplitude given as 1
2 peak—to—peak value in degrees.
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L2 .8. 2 A r t i c u la t e d  Ro to r s

The flanpinug :u n tg les nor the articulated rotor are the an ~~les
for rn ;ed  b et  w *- e n  t lie p l a u ~e p e r p e n d i c u l a r  to the sh a f t  and a
r e f e r e n c e  l i n e .  For the root f 1~~n p i n g , the re-i erer~ce line is
i straight line from the f l a o j I i n g  h inge , at  f i v e  p e rcen t  r a u i u s ,
: n-i a p o i n t  on t in - bl ade -a t t e n  p e r c e n t  r a d iu s , wIm i le fo r the
ti p flapping, the reference l in e  is  a s t r a I g h t  l ine c o n n e c t i n g
the cL 1ter of fl u - rotor and the t ip . ‘I he } u i .mL and t i p f l a pp i n g
a n g l e s  a re  or e s ent e d  in rI~able 4. Only the root flapp ing at
140 knots /-hows any tapprt-ciab le chanm / 1re due to change in the
blade beam stiffness , wi th the 1/2 ocak—to—peak amp litude-
root flanping of the stiffer blade being greater than that of
tru e soft blade. This is to be expected since the increased
stiftnt-ss will t e n d  to make the root flat-p ing approach the
:n a gn i tu d e  of the t i p  F l a p p i n g .

3.2.8.3 Hinge-less Rotors

The flapoing ar~-~les for these rotors are the angles between tl1o
p i a r a c  p e r p e n d i cu l a r to the- ta b -a f t  and a s t r a i g h t  l i n e  connec t ing
the  c e n t e r  of the  rotor  to a r e f e r e n c e  point  on the b l ade .  For
t h e  root  f l a pp i n g ,  t h i s  r e f e r e n c e  po in t  is at  f i ~~e pe rcen t  r a d i u s ,
w h i l e  tne  t L p  flapp ing uses the t i p for  the r e f e r e n c e  po in t .
Table 5 g ives the oscillatory variation of these angles for
‘;he three rotors at 60— and 1 4 0 —b r a c t  s teady lev el f~~ig h t .  The
stiffer blade generally has less root and tip flapping than the
baseline blade , while the softer blade has more root flapping
at both  a i rspe-a-ds  and g e n e r a l ly  hi ghe r  ti p f l a p p in g fo r t he
hi/rh-speed case. i~-gain , the differences are small for factor—o f — t w o  cha n ges in the beam s t i f f n e s s .

Blade stiffness is seen to have only a minor effect on level
flight main rotor blade flapping for the three rotor types
investigated .

3 . 2 . 9  G u s t  P e n e tr a t i o n

The a n a ly s i s  of ro to r  g u s t  p e n e t r a t i o n  is comp l i ca ted  by severa l
factors. In the simplest case , that of a sudden gust (in which
the additional inflow due to the gust  is applied over the entire
rotor disk instantaneously), the analysis is complicated by
determining the manner in which the lift builds up or decays.
Also , the blade azimuth at the time of gust application must
be considered . In this case , the maximum response occurs
immediately aft- or the gust application , and the fuselage response
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TABLE 4 . EFFECT OF It LAID I F L E X I B I L I T Y  ON /T-IP L I TU DE OF HUB
AND TIP F L A P P I N O AN ( ;LL S  FOR A E J I C U L A T E D  ROTOR

Airspeed —l- l ippin-r Ampl i tude’
and Baseline ‘a x Baseline 2 x 13iselineFlapp ing  Blade Blade Blade

Location Stiffness Stiffness Stif :r-oss

- 

CC Rn , HUB 0 . 39 1  deg 0 . 3 6 5  Peg 0. 3 1I 5 deg

60 Rn , TIP 0.349 deg 0.348 Peg 0.331 deg

140 Un , HUB 0. 4 6 9  d eg 0.443 deg 0.573 Peg

140 Rn , TIP 0 . 6 9 7  dog 0 . 6 9 2  Peg 0 . 6 8 1  Peg

‘Fl :nno ing  ampl i tude  given as ‘a p e a k — t o — p e a k  value in a e gr e e s .

TABLE 5. EFFECT OF BLADE FLEXIBILITY ON AM1~LI TUDE OF ROOT
AND TIP FLAPPING ANGLES FOR HINOLLESS ROTOR

Airspeed Flappin-T Amplitude 1

Fl: in Baseline ‘a x Baseline 2 x Baseline

Location Blade Blade Blade
Stiffness Stiffness Stiffness

60 En , ROOT 0.130 deg 0.157 dec 0.078 Peg

60 Rn , TIP 0.296 deg 0.318 dec 0.256 Peg

140 in , ROOT 0.156 Peg 0.183 deg 0.208 deg

14 0 En , TIP 0.657 Peg 0.721 deq 0.619 Peg

‘Flapp ing Amplitude given as ‘~ p e a k- t o -p e a k  value in degrees.
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can be ne-g l e e -n e d  in  t he  - a n i a l - ! u - m i s , b u t  ,-ve n , w i t h  t h i s  s i unrp l i f i—
c a t i o n , t h e r e  is no s i mp l e  a n a l y s i s  a .a i l a b l e .  l- ’ u r t l u - r r u o r e , the
sudd en g u st L5 not a realistic loading condition , and  - m a  l y s  1s
ot -gradual gu st penetrat ian (in which the gust velocity builds
no oc e r a c e r t  u i  n u d i s t a n c e  and is not  app l ied  to the  wh o le d i s c
s i n n t u l t a n u e o u s l y )  is a more  counp I i  ( ‘ a t n d  p r o b l em .  Due to the  l ack
of :un uy simp lified gust analysis , digital C81 was used to deter—
r n/i rue the f l a pp ing response of teeterin t , hinge-less and art i-
culated rotors up on  gust penetration. — 

—

In t h i s  stud y, the fuselage- was the Bell Helicopter Textron 
- .

production qunshi p used in the blade flexibility study. The
rotors mod led - -a r0: the teet e r i n g  rotor modeled by the first
cyclic and first collective modes; the h i n g e- l e s s  rotor modeled
by t h e  f ir s - s c i s s o r  mode;  and the a r t i c u l a t e d  ro to r  modeled by
t he  f i r s t  t- -.- u scissor modes (rig id body f l a pp i n g  an d  rigid
bod y lead-lag m o d e ) .  

—

The C8l n/OPel of each of t h e  t h r e e  ro to r  typ es  of the helicopter
was fI a .-aa , stick—faxed , throsg ia L e t i  different vertical sine—
squared gusts at two different airspeeds , f o r  a to ta l  of 20
-gust penetrations per rotor type-.

The gust lengths and maximum v e l o c i t i e s, chosen as representa—
tive of the distribution given in Reference 13 , are listed in
Table ii .

For all rotors at both airspeeds , Gust D produced the largest
flapp ing excursions from trim. The rotor flapping peaks fol-
lowed the general trend or lower peaks for hi g h-effective hub
restraint and higher peaks for higher airspeeds , as given in
Table 7.

~ K. vJ . Harvey , B. L. Blankons i ip, and J. N . Dret s, AaLuIY TICAL n.
STUDY OF HELICOPTER GUST R E S I t ) N S U  AT H I G H  l - O F . ’~A R D  SPE EDS ,
USAAVLABS Technical Report 69-1 , U.S . Ar e 2 A v i a t i o n  i la t e r ie l  - :

Laboratories , Fort Eustis , V i r g i n i a , Sep . l ’69 , AD 862 5 9 4 .
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TABLE 6. GUST CHARACTERISTICS FOR SIMULATIONS

Gust Gust Length t t ax i e  urn Gust
(f e e t )  Velocity (ft/se-c)

A 80 ;30

B 180 ‘10

C 180 :30

D 180 50

E 360 t30
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4 .  U I  1 0 1  I I  H

I r a  u u d e i  to 1 - n f o r m  fbi- e ra t : i c -~ l C l  u g l u t  n~ , r u - u r e r  simulati on , -4

( - l e a r  j J l C t ’ L I L  of l i k e l y  p i l o t  - u / - t l o t u s  i n ;  r r L j u l r e ; u .  lossibi-
r :ilot irg -ot s w ill be gu ts -n un -P i v  low f a s t  he can unuove the can. —

t oo l s , u -h a t  n - ~u r a n r s - t  u s  e L l l  s t i r n u l t e  h i s  response , and to 
-

what level he will accept these stimuli be-tore reacting. bith
t h i s  i n f o rma t ion , a r e a s o nab l e  p ilo :  n n ’r~ -1 inlay be o b t a u r a c d  n - ,

v -  u n a  the in a ne-u cers to 1 - n e - n  fo  run s ci

4.1 PuP i l-r i , P at’ liINT LIPITS

The f irst of these it ~‘un s , hot -, fa s t  l t e -  p i l o t  is a b l e  to move
t b ’  con t r o l s , is read . t  ly a - u  i l r ub i e  t r o u g h  r e s u l t s  p r e s e n t e d
in Refer -rac e 14 . ‘Li ne speed u i  th which the c o n u t  r o t s  : a t p  be
u-toyed :s a f a i n t ion of the distance m o-red , tin- f o r c e  r e / p u u  r ea l ,
he /r -cis con 1 / j i l l  red , a n a c i  t h e -  t t e  of m o v / - n u f t ’ r l t .  In t e r m s  of

co n u  r o t  m ot - e u n u e n t s  wh eh co a u l d  lead to hi gh f l a p p i ng  s i t u a t ion s ,
are  p r i m a r i l y cor ac  - m e d  with how fast a large i n p u t  ca n U -

nuade inn a b e -  cyc i ic con t ro l  s y st  em.  For i - n - n a u n u ~i le , f r o m  the
n i P Pl e  of a t u r g e -  cy c l i c  s t i c k  r an g e , a r ap id m o v e - u t / c - n t  to the
~~t a c e  s t /p  co -a Id  be- t r u c e  in ab o u t  0 . 3  seconds f o r  a 7 — i n c h
m e t  i o n .  F rom s op to sto p , a b out  0 . 3 7 seconds  w i l l  be re /rui r d
~o t r av el  13 in c h - s .  T h i s  as s u m e s  i d e a l  c o n d i t i o na s w i t h  -u s

i-a n 2 r o u n d s  of f o r c e  u - r - ; u i r e d  and no r e a c t i o n  t ime . However ,
t y p i c a l  c y cl a c  c o n t r o l  boos t  ‘cy l i n d e r s  - i r e  r : u t e — l i m i t - d  to U - —
a - - a / - e n  0 . 5  seconds  ( n o  l o a d )  and 1 . 0  seconds f o r  f u l l  t -u c - e l .
c b”i o u s l y ,  ca -en  w i t h  a l a r g e  c c l ic  st ick travel , the  p i l o t
can move f a s t - n - t h a n  the boost  sy s t e m  a n a c I  w i l l  be t h u s  l i m i te d
to no less t h n  0 .5  r-t ; cor ds f o r  a f u l  1 — t h r o w  n o t i o n  of the
-c - : c li c  s t i c k .  Th is  w a s  the  p i l o t  c y c l i c  control rute limit
used for this stud y — full—throw in 0.5 seconds.

The- most difficult task in establishing a pilo t iiiodel is to
d e f i n e  and record the  s t i m u l i  t h a t  g e n e r a t e  p i l o t  -u c t i o n .  LIX—
a m p les  a r c -- fu se l age a t t i tudes , r a t e s  and a c c e l e r a t i o n s, v i b r a —
L io n le ’-els , normal load factor , instrument r e a d i ng s , or noise
l a - y e - I s .  Out of a l l  the  p o s s i b i l it i e s , o n l y  f u s e la g e  r a t e s  and
at  t t uc k -s  and n o r m a l  load f a c t  mar -s could be i n t e r p r e t e d  w i t h
c o n f i der - ce f r o m  the  hy b r i d  compute r  s i m u l a t i o n.

A. Damon , i i  . it’. Stoudt  , ana l  R .  A .  P cT a i l a m n d , rp}j~ l I N t  I HOLlY IN
Qi. IPMENT D E S I G N , C a m b r i  dqe , Pass . , :ia rvard  U n i v c r n r  i t -.- Press ,

1 9 6 6 .  -
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The nLa m n ; t  ole of tb / - s i -  u s e l a ge  p a r e - m e - t i - m s  t h a t  a pilot will
tolc’rat e is t H -  n ex t  - r o b i n of simulation. Since n :ot .ion -i},o it
mon - u than ; ne -u r - :is is possible at any t ime , the tolerance let 1
for allowable attitudes and rates becomes very difficult to
establish. He1icol~t c r  structural demonstrations , which inn:olv e
:nuIxi mu m load maneu vers , have used fuselage- rate a n d  -attitude
1imi~ n t  ions based on t i -st pilot ex rs-mienc c-- .

Tab le  8 p r e s e n t s  these  f u s e la ge  r a t  / - and - I t  t i t  ode l i m i t s , a- alt ch
are  u sed as qu i -del in i: s for establishin g the severity of a n - a—
r~~- u ’ :e m .  Two s e t s  of - .‘o id u tions are estaUl ished in Lu is t ab l e .
T he  : u i) s o j a n f e  limit s - i r a ’  v a l u / - s  of a~ ~ i t u d  n - n or r i t e s  t h a t , uI ;-
e n c o u n t e r e d , a-. / 11 s u m r n . J y c e -u s a -  p i l o t  act ion o r a - / u - o : c -  th ’- a’ai 2 1 :.
Lh e n  both  r n t e s  a n d  att a t  udes are considered in c i n n b i n a t ion , the
tolerable lea-u I s  ti re decreased smub s ant i s11y ,  as seer;  i n  the
column mar ki al combination. Pu an t t c - u ~~ O t  -~~s mm m c-- t / ,  c - s t  auDi  ~sh
tolerable limits a or r a t . c - s  a n d  ott i t  udes i n n  c’ or m b i n n at i a n  - m b a  u t
m o m e  t h a n  one a x i s .

When  t he  f u s e -b oo r a t e  or a t t i t uo e -  l i m i t s  o r  T ab l e  8 w a -m m ’
reached during a snaaa u la’ac- d maneuver , the maneu ai-r u-us considered
set’c’re- orao 2~~la to e-n-npect t lam p i l ot  - J at tempt meco’- :c-m y .

TABLE 8. FUSELAGE RATE A N D  ATTITUDE LIMITS

Fuselage Absolute Limits Comb u r a u t i o n  Limits

Pitch A n a g l e  - 5 0  deg +20 deg —20 deg
w i t h  w i t h

P i t c h  R a t e  - 2 0  deg/ sec +15 deg 1 suc — 10 deg/ sec

R o l l  Ann ie - 7 0  dog 55 deg
w i t h

Roll Rate -60 deg/sec -25 deg/sec

Yaw Rate - 55 dec/sec h over
l5  dug/ sec  F o m w u r -J F l i g h t
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5. a - 1 a-IULATI P DI- CR I T I  CAL i -L I  GI l T C u N D I T I  m a P h

I - 1 i - m h ~ /‘r-:pem 1)-n i ce has indicated Sc -v / -ta b r , i a r n i .- u u v e r s  that r~- sui 1 f - -o
I m u  h igh  m a i n  n o t o t  flapp ing . The folbow inm J flig ht con a du Lions ,
a v u a i c r ;  a re  r a ’ p u e s e n m t a t i v e  of these  m a n e u v e r s , w~ - u  s i m u l  - a t i - d
a u s i n t g  hy b r i d  C8l

Roller—coaster maneuver (a rapid pull-up followed by a
g; u ~~h — o v e r  at high airspeed )

R oll  r eve r sa l  maneuver  (a l a rg e  r a p i d  l a t e r a l  cyc l i c  i n p u t
followed by an oppos i t e  l a t e r a l  i n p u t)

Autorotation e n t r y  (loss of eng ine  power f o l l o w e d  by a
2 - second  d e l a y  fo r  a c o l l e c t i v e  p i t c h  r e d u c t i o n  and flare)

Tai l  r o t o r  loss ( loss  of t a i l  ro tor  t h r u s t  and the
wei ght of the tail rotor gearbox arid blades followed
U an autorotationai entry)

Flare-s (constant altitude- deceleration from 100 kn to
hover  and  60 kn f l a r e  to l a n d i n g  f r o m  s t eady  a u t o -
r o t a t i o n )

Hard landings (landings at forward and aft cg extremes
from 10—foot skid height hover with SCAS ON and OFF)

Jump take-—off (collective pull to l.75q vertical take—off
at  cg e x t r em e s )

P o p — u p  ( c o l l e c t i v e  p u l l  to 1.5 g v e r t i c a l  c l i m b  f r o m  hovm .nm)

The first three maneuvers (roller—coaster , mull reversal , and
aiutorotationa l entry) w e r e  run for all helicopter and rotor con—
fi gurations for comparison of helicopter characteristics. These
maneuvers involve most of the important parameters identified
d u r i n g  the parametric investigation and are considered sufficient
to identif y critical flapp ing differences between rotor ar id
helicopter types. The rest of the maneuvers were investigated
using only the utility helicopter with a two—blade /I tee-toning
r o t o r .

5 .1 ROLLER COASTER MANEUVER

This maneuver was a high speed (140 knots) cyclic pull—up to
a p p r o xim a t e l y 1 .80  g followed U a cyclic pushover to a ne-am
ze ro  ( l e s s  t h a n  0. 1 g )  g le t~r - l  - m id r e c o ver y  to ~a ! L ) u o x  i sate] y
level fli ght. This m a n e t u v e r  r a v e  n good illustration of bot.h
h i gh— and low—q e f f e c t  it . A t y p ica l  t ime h i s t o ry  of such a
m a n e u v e r  is  shown in F i~j u u mi’ I ) .
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Utility Helicopter with Two-Bladed Teetering Rotor
15,000 lb , Neutral cg

E n t r y  Airspeed = 14 0  kn
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Figure 19. Typ i cal roller—coaster maneuver.
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To c/~ r m . ’ - , u r  e th e  san s  n r u a n s ’ u a - i - r  or a l l  the i a c - l i c u p t -r - na , a st -a n~d-a i d
io n ;~; i t a i - i u n a u l  -c i’cl ic stick J i i ~~ l i t  a— u s u s e- i .  The t i n s - p o i n t s  f o r

co rn  t r o l  n m n V - n n l e n i t s  w~~re  h e - I c - i  cons-  - m t  f o r  a l l  h e l a c u ; t . E - r s , wh i l e
i/c is u c~n n i c a . u n -  w i n s  - u d j c i s t ’ - d 0, - i t t  m l i i  tLa - de - su i t - P  g — i c - - t c - l s .

I f l i t  i~~b :s-~ n~~’uv ~.- rs -a n o  c - u n  w i t h  t he  rotor  pi n t i n - n d , w o i c h  s u n : . —
s l a t / - L i  a ver y  k i m th t ’ c-- n l J ~~fle g o v c - - m n l o r .  1 st / c , a n t e n g i n e  j oV e r —
n o r  n - o d e - b  was  u c t  u. - : . m t - . -i to s im u l at  - a t ap i ca l gove rno r , anal t h e
f l a u r a  in q  e-aa k s  i n c r  c ased  s l i g h t  b y .  Th i  s m t - a n n  u s e - n  -a- d i  st ir a c  t .l~d i v i n e - P i r n t o  t h e  h i g h —  an d  o w — - ~ r c r i m e s , w i t h  h f  r e - t e n t .  - n u l a r a c —
t en  t O t i C s  n o r  each re i ime .

5. 1 .1 h i i g h - - r S c -’ - n ; ’ n. - r it

I i ;  ( i c r a c ’  r i b , t i-a u- C i ap p t  ra g  p eaks  we n a -  r i o t  ed du r i n g  the- hi g h — g
S ee m  c - n m t  om  t h i s  :-‘ a n a e ut - er .  T n t - a i r s t  t i c - a k  t- .- ’ as cm d i n - c t  r e s u l t
or  the - a t  ca-clic stick i np u t  re i ; u i r - ’ i  t o  a t t a i n  t he- i— l e v e l

a red. r I h l s  f lap p i n g  L i - e - k  i-a m ‘mei / ,s m a n  t y in  t h e  -down ;
o C r  (;:osi~ ive  a

1 
) d i r a -c t . i on  a n - i a-i - i s  ‘ ; i . - r u c - r ; u l J y p r o p o r t i o na l  to

S

the rnuuq n tude of the ~~I a i t u u l  cont aol i n a p r t s .  I t  s h o u l d  be n: ot a -d
that t h e  conk n m ;- lable elevator a-aill ~ r O V  iSl e- significant pitching
mommtc- nt s a t  hi gh speeds ansi that c o n tr o l  - ‘ i -j : P  ing w i l l  a l so
i n t r o d u c e  some l J te r a l  f l ap p ing t In1 t w i l l  m o d i f y  t h i s  i n i t i a l
f l a l - n i ng  p e a k .

The s c - c o n i c i  f l ap p i n g  n i e - ; m k  D v - - m m d  uh / ’ nI the c~ c i  c s 1. u  ok  a-a m m ;
mov~-d f o r w a r d  to  s t o p  t h r -  n o s i - — u l a  i t e L  c - i t - ’ ar i d  ~t ~rt 
t h e  I o w — q  p or t i o n  of the ma n e u v e r .  t h i s  pe ak w a s  a st l ong
fu n - c t con of the lift capabilit y of t In ret r u t  in g  Li .t u P e - .  T h e -
f o rw a r d  cyclic swasbr lat e motion incma-ases bla cic -- 1~’i t cla at th/-
- = 2 7 0 °  a — - i m c u t h , w h i c h , if  the  b l a d e  is  c lose-  t o  s t a l l , can
i o u  i a t c  i l ude s ta l l  and give - a no- -an. a f t f L U r / i i ; / J  t - n ; c i c - m ; c a -  ‘ h - u t
will continue unti l the cyclic st 1 - k  is moved A f t  t o  c o n t r o l
t h y -  l ow—c i p o r t i o n  of the  m o a n e c m ’ .- a - r .  ‘the- ac t  ion  0f  t he i / a t o r
in  t h i s  type of m a n e u v e r is s tr o n g ly ‘h g-efl d c -n t on the - 1- -ro-
d y n a m i c  cha r - a c t e - m i s t i  Cs or  t hy - r o t o r  n e i r  stall . The-sc- c h u r  ac—
t c - n i st ic s , w h i l e  m o d e - l o c h  r n - u t h ’ n m ; a t  i ca U y ,  s h ou l d  Pr - b u t - c r  n ot e d
as a t u n d r - r ; c y  for f l a p p i ng , b :  t h e  i r s o l u u t  v - a loe - ~~f l~u ; - ; m g
ob tained m ay  h e  cruestion abbe - .

5. 1. 2 L ow— - Sc- lm e n t

In  o r d e r  t o  a t t a i n  the  l ow— - . n  p o r t  ion  of i t  L S  - t an e u v e r , a n o s e —
n m ~w n t  ~ i t c h  r a t e  was g e n e - m a t  c--d w i t h  an f o r u ’ u n d  cyc’i ic  s t i ck  i n —
p u t  . The n o r m a l  m o t o r  c o tu ~ ’ l i n j  p r o t - i m i e s  down i iqht f l i p p i n g
w i t h  a i l o s c - — t i o t - .’ia p i t c h  r at e .  In  an d  i t i o n , nm the r o t o r  t h m n .u s t
cl -cr eases , t h e  l e t  t thrust , W h i c h  was c u u u n t - r a c -t  i n - i  t iar ‘ c m i i
r o t o r  t h r u s t , is - u lso reduced. The -si ’ a ct i s  b o t h  c o n t r i b u t e
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t o  a r i ght rolling moment and down right flappe rm-; . An ,aduitional
factor t h s t complicate :; th u situation is the effect u f  n e g a t i ve
r o l l  d a n n u n i n y  due t o  a c o m b i n a t i o n  of l a r ge  inflow ve l o c i t y  an d
l ea-. r o to r  t h r u s t , as is doc umented in R e - m e r e - n e - c  9 .

The ne t  r e s n u l  i s  a S t  n / n a n ;  tn t i t d r - n c y  f o r  the  h e l i c o p t e r  to rol l
r i o h t  w i t h  some do--in r i gh t  f l a p p ing . In the compute r  s i m u l a t i o n,
the  p i l o t  mnuo d c-l , r c - a e t i n g  in  the  se-me m a n n e r  as a p i l o t  unaware
- i f  the  proper  recovery  t e c h n i q u e-  ( a p m i l y  aft cyclic stick to in-
crease c—bevel), app l i e d  left lateral cyclic in order to stop the
r i g ht  r o l l .  W i t h  l i tu l e  or no t h r u s t  a v a i l a b l e  to p roduce  a
rolling momen t with the t i  t / - n i n i g  ro tor  sys tem , la rge  l e f t  f l a p —
pin ; r n a c j m u i  udes  wi me se-en as a r e s u l t  of l a rge  l e f t  l a t e r a l
c a i r l ic r a ~u s m a i - b a t e  i n p u t s  and ri ght roll rate. With the addition
of hub restraint , a rolling sortie-nt was available , and much less
lateral e c l ic  i np u t  was r c - t n u i r e d  to m a i n t a i n  rol l  c o n t r o l .
Consequent l v , the bow-g flapping was reduced since most of the
f l a p pi n g  seen in t h i s  eak  was l a t e r a l .  When a f t  c y c l i c  s t i c k
is a p p l i e d , t h r u s t  b u i l d s  u p ,  and the lateral flapping is re—
ou ced as the c— l e v e l  i n c r e a s e s .

5 . 1. 3  E f f e c t  of cc Locat ion and Gross Wei gh t

Table 9 summarize-s the flapping peaks during thc- roller coaster
maneuver for tPue utility helicopter with a two—bladed teetering
rotor as a function of the center of gravity location and gross
a - a o i c n h t .

The fom-.-aa m d center of gravity location is seen to give the
l a rge s t  f l ap p i n g  in the hi g h — g  p o r t i o n  of the m a n e u v e r  fo r  two
reasons .

Farst , w h y - na the helicopter is in trimmed flight at forward cg ,
the fb a ~an ;i n g  w i l l  hi prcdominantly down aft. The initial aft
cyclic control input imposes more aft flapp ing, which is addi-
tive to the trim value . Conversely, at aft cg, the trim flap-
p in ;’; is down f o r wa r d , and when the aft cyclic is applied , the
flapping must u ndergo a phase shift that will reduce the abso-
lute magnitude of the flapp ing .

Second , the heb u ccp te -r is s t a t i c - a l l y  more stable in pitch at
forward cg and wil l require i nu r e  p i t c h i n g  moment  to be appl ied
to attain the pitch rates necessary to attain a given g level.
This Will require larger magnitude longitudinal control inputs.
Another factor in si u u p l y a n g  this pitching moment is a movable
horizontal stabibi /cr r . The elevator gearing curve - for the UH
aircraft is shown in Fi gu re 11. The cycl ic  s t i c k  p o s i t i o n  re-
quired for trim moves forward as the cg moves aft . A change-
of one inch of longit u dina l c-1- clic stick would give a larger
increment of elevator incidence at aft cg than at forward c~
with a resultant larger pitching moment increment. This di--
creases the amount of p i t c h i ng  m om en t  to be s u p p l i e d  U 1 the
ro tor  and decreases the rotor flapp ing .

6.1
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E - o t . b u L  cen n a~ r u t  t i n t ; ’ -  p u i n  co n a tu -a lin k s u n - n- -u , h i g h e r  f i - : ~~~i r J j
H i  no / . so r t  h O t ;  of - he- !: .anic-nnve r us u a l l y m e - s a l t - u  n o r

u h i ’  c i t  c - ; .  The - n - c r - -use d ; - i t ~ -h s~. a r : 1 i t y  r i - ~~~ ; i - d  t h e  c o r u t u ~~~]

L f l~~ U i  s c -  t i l t -  n - it t t .e p o in t s  t o  b - -  l a n -  j t : t Liar ; for to  i r d
t o  avoi l ovt -m:- ;fuoo nag t.h.- ti e-sired g—h-v e - l. t h i s r - n - u 1  : n in
lam ;er ::a-g; L u - ic- n d  t c i u  rates ~and saron / ]e-r roll uo.ol i i ; - ;  i k e - n  

- t  i n u t - n m  ~ i~~- - d : - n - ; a r ~ I c - i t  l ot -s- a l cy c l i c  ~ t i cri -a n-n d
- -. cn s - - h n e n  down ;  l e - f t  f 1a ;~- n ~ i n - - j .

T h e -  r ~m a n -; e f f e c t  o f  gr o s s  - i  T 1  c b u : u n q ~. s a:; t h e  li i ’;h—g
:~~C ) i t joru or t i n e m~, n e , - :e- r .  A h e a vi e t  ross  J U L  r c : n j u i r c - d  a
/ 4 5 / r e m  c o n t ra i l n o p - i t  to utO — i n  th a  m i ~c f u i ; o ’ a h  ~ i t ~s- ln r a t e , - n u n d

n - h - -  f - L a d e -  s t a L l  o f f - c ’  i-~ u s  a n / - r S - u s i ..- -; 1 s i n e - c  the r o t o r  ‘ - i . ; 5  c lose
‘- J  r n s  t U n - u s t  l j t a * . I r a  f - a c t , t h 0  r u i n  r a f t ;  cou ld  r i o t  a t t a i n  le s s
- h a : ;  0 . 3  b~ - c c n u : -e-  o n  the  s c - v e - r - - a f t  f l a p p i n g  in  the p u s h ov er .

: / t  L i ; ; h~ ‘ t r uss  - .- . - - i n ; h t , t i ; - f l e - n n - i n n g  d a n e -  to b, t -uci c- st a l l  a-;--is
: 1 : / n  r , an ; d t h e  l u . -;— n f l a u p u i n a / J  - -;as con ;i: u r a L  U to t hat  s e - c - r n  a t

L n u n -. ; mo ss  ‘ n- - u - i n

~~~ . L -  of h um - R e s tr ~~n n ; U

t u e  e f f e c t  s n  hu b ,  r - - s t r - u n r ; t on t i n - c  tn - - s ins - r i n g  ro t -a r :;y stenu  a n - ~ r i m u n -
r i m  i n  r o t  L i - u — -n - j u s t  i i c un e u ’.’e-r t~~ p r e se - :J e d  ir a  l ob i e  10 fo r  f o r —  

n , m a d , - u n u d  a r t  c e - i t t - S  o n  - ; r - a v i L y  l o c a t i o n s .  ~ or a g i v e n
on ecu  ion ;  , - h - r i 1:01 r y e f 1- ~ of h a In re -s t ra  i nt  i s to s ig n  i n  i —

/ v u r n t l - 1- m a - - d u e - - - h~ - f l u n : u n j  in  nd, low— -; ~~~~ t t o n a , a-i l n t  a r e l a t i ve ly
s m a l l  ch ar ;  ~-: i n ;  h L g h —  l n i p ~ - i u a - ; .  T h i s  re - su i ts f rom the  i n c r e a s e-n i
m u l l  c o n e  m e l  :,c; .-/ - - r a :  ~t 1 - ; L l c -  w i h  h ub  r e s t r a i n t  o n - a i r  t h a t  - U n i c h
t s  i i : i i l - u b ) e -  a - ; i t h  t h e  c e ’ i e m i n e ;  :-j t o r : n l O ~~~- . F i g - a r e  20 pros n i . S
t h e  m i n i — c - ;  - a-;— ; : l u : ; p m n - ;  oaks us .a I un a c~ i o n  of h n : b a  r e s t r a i n t .

h - i n -  a s i - J o l t  i c o n ’  r c-nmn - nn- t ion in  l ap p i n g  is a t t . u i n c d  w i lt ;
a t o]  a i~~e l ; sn. cu i i  ar : - .oun ; o f  h n n U  r i o  m a i r ; t . The eqe t  ‘c an l e a n t
n i n q e  ) t : s e - t  shn ’aa- ; n a n  F i g u r e  20 is  tI ;e / - ; u l c , : l u t e d  a r t i c n - n l c t e d
h i n u t t a  o f f s e t  r e - g u n - t a - a  Lu c u t  + i n n  h ;e- s a n u t ; e -  f I c n ~j a- ;ise n a t u r a l  r o t c — r
- 5 - - c  n _ _ n - . -u s  h u t -  t - .. i u_ h , i a d u t e e t e r  a: ;- ;  t u t o r  w i t h  hu n ,  r e s t r a i n t .

The la i r; a n - m t  i c ’~’cl a t t a in e d  d un n - n  t h e  p u s h o v e r  a iso  st r o ng l
f ft - - - -d hc- f a i - P i n j  ]a -a U s  . N., .1 1 shows  t h e  c f  f t - - n  of -g

‘a n e-a~ H a~~a in g  f o r  S t / V e t  -a! i i . -s- e ls  of L ab  r e s t r au n t
~.- - t ’ -  th a t for no h - n b  restrai n t , t h e -  f l a i s p i t ; ; t e - n ; d s  to I r u c m e a s e
S i - P m  i f  n.e -a nt b y j u s t  b - l o w  z e ro  g .  b u t h  h u l  r e s t r a i n t , t h i s  i n : —

u n-n e is d e l ay s  1 to a mo no - negati~..-an /j an-vol. This ref le-cts
- h & - ~-n h i - ? r ;c:~,~ o f  thy ,  b n ; i n  a c r o t  em a et - o / i \ - n a m i c  t i tr u s  t con t r o b
n - - w e - u  t o  r~~v - - r s~ - ani  t i ;  ra e-n ja t  t o - - t h r u s t  on t he- r o t o r .  P i t h
as--pr i -j o t b ; n - n u s ’  , l o f t  n-n-~.ash p late- input would  j i ve  n -h e w n  h e f t
f l a p p i na ; hn. u i - i  r i / n a t  rol lin- j m:io n t t -n t about the - i i m . -r ,I t c ;.

- u i  n - s t r - a i n t  t sn -u s o c an c e l  t h i s  r ever s e d  naoi;iena ’ u n t i l  t he
n - - g u iv~- t h r u s t  b comes too lan; ; - . Thus  h uh  r e s t ra i n t  m e r e - i -,-
dia I - i - - s  t h e -  hij l; I uppin g to l c- n~er g level s  but do -s n ; ot  ] n n ; i n —

a t e -  i t .
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Ut i lit-: Helicopter ~1th 1 vo-Bladed Teetering Rotor
- 15 ,000 lb , leutral cg

!t n t r y  A n  r n -ape -ed  —r 140 kn
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i i a i i I I l I J
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f l u b  R e s t r a i n t, f t— l b/ d e g

I I I I
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Equivalent h inge Offset

Figure 20. Effect of hub restraint on low-g flapping in
roller-coaster maneuver.
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maneuver.
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~~. 1 . S h i m  c-ct o~ b i n -d i r - o p t  r (An kotor Type--

b e - I  i c ou t u r  t y p c  - -nl r.l n o t  a t  teut t he se -  t r e n a d s  ( 1 c u b  I L  1 ) , i, n or
cli 1r en l i t  m a d  n in a  c le’~s rotor s ~en u s, hL i n ’  i -~ I a

of a con enag a l l - l i e  hc -c~~in-e significant. The t - r o — b l a L e - d  f _ -c ’ y -

rot  - a r  has a are-son- coninaj c-n a g ] o diu c to  the  : i g i d  h - ~e c a i n -n - - ’ ” 1 :  ;
t h e  tw o  b lad e s .  no n - i - - y r 1 the- etfc-c i V O  I a e p ir ;q  h I n g e  of  t t~~
. u r t  a c ul a to d  and h i  nj e  le ss  r o t o r s  r i  11 a l l o w  t - h + :  b l ade s  t o  :: e :s-
i n d i v i d ua l l y  and  f l a p  a b o ut ;  -u su e - c -n  c o m a i n g  ang l e - -  t h a t  is a n —

n - c - r i  l y n-u f u n c t i o n  of  t h e -  rotor thrust. In  t he  h i - ; h — ; pou a i o n ;
of t he  r o t  i - n a :  c - c -a s t e r, t h e  c o ni  nn-; a n g le ,n c r eased  as -j —  l ev e l
i n n - c - r o n - u s e - c l, w i t h  n -he -  c on s e -g u e n l c e  t n - a tn- rao net - n o ; - , : . f lo p ; ,  i n n - s  is
se-on ; ( i  - e .  , t h e  use-  i l l at o , r - 1- I l a p n i r u g  is s n u i u l l n - - r  t h a n  ~~m n - -~ O S C  a l /e  - -
mean iapp it ;-a ama -gle) . Th . s , i n  t orn ’ s of f U S C ~i - je  c- li-ar -ar ;; :- in ;
hi ;h— j n :ma:: - .:uvc-rs , t h e -  r L l b  l i i  n ugc-d i, la d e  pro : i d en - -  t o r e -  c - I  e a r —
a n n - c e  t h a n a  n h ,  t c e - t i - n e-n -I r o t o r  w i t h  r i g i d  b l a d e s .

I n ;  the- t - a w — y  p o r t i o n , th e - -  r o t o r  thrust and , ( -onsc-~~u c n ; n l y,  h o -
c e - m a i n - . : a n ;  ~lc- a:~ p r e - a c h  zer o .  Ths a r t i c u l a t e - s i  and h i ng e - l e s s  —

r o t o r s  i - n- -c-u - rn - lore I ik e  t he t ee t e r i n g  r ot o r  w i t h  hub  n c - s t  ~~ ira n-
~n t i n - a t  ~he a s ci i  h a  t o r n -  I i  u~ p i n g  peaK be-comes  a 1:- t e s t  a d i r e c t
function of h u b  r e s t ra  a in - f .

The i n n - c r c - u s - c d f l .n -u n- p i m:  i n . t h e  h i g h — c -  p o r t  i on  fo r  the  ubs~~r v a t  io n
h e l i c o p t e r  is a n - : o n s e . I n - u e n a c e  o f  h a v i n g  a I i>ned e l e v a t o r .  i b i s
r e q u i r e - -s t h a t  th- :- r o t o r  o vi d e  a l l  of the  p i t ch a  ng rnuo msn :;t
needed to st a r t  the  m a n e u v e r .  - -n

5 . 2  ROLL R E V E R S A L S

The ro l l  r e v e r s a l  is a m an e u v e r  t h a t  combiner  f - u  of  t h e  ;;rin—
cipal  co nt r  ib -u t i o m a s  to f l a p p ing : h i g h  a n g u l a r  r a t e s  ond l ar ~;ec o n t r o l  i np u t s .  Each o f the  s u b jec t  h e l i c o p t e r s  was r u i n - u t . h n - o  - - : h
a s t r u c tu r a l  d e m o n s t r a t j o n — t - - - .- m a n e - u - - e r  c o n s i s t i n g  of a s i - . - -;
r o l l  to 4 I - — d c - c ; r e - e  b a n k ;  at which point , a rap id lat e-rn -i cyn -- I i n - n
t r n - p u t  in  t h e  op - p o r n -  I in- d i r e ct i o n  was  app l ied  to g e - h e ra  n - c  a - a la
ro I r a t e -  of 70 di n r~ -e-s/ secor ;d  in  the  oppos.i t o  d i r e - c t  m o n a . rl ia y,
st u ck was the-na rand i d l y r- - t u r n c -d fo  ap~. ro:-ninn a at e - .I y m e - u t t u l  to
s top  t h i s  mar ;u ;u -z e -r .  ~ t ime h i  s t o r y  of a typ ical roll rc-:ersal
i s  g lva -n in Figiure 22 . h u t  1c’ in- t b a a  t eve n t h o ug h  t h e  s e - c c - r n - I
c o n n - t r o l  i n n - p i n t  is of  a b o u t  t h e  sant l e  :t t a - . ;n i t ub e  as I iae first , tha.
second i i  ap a  in ; - ;  a - c - k  I s Ia ic-he- r , as woe lb  be exps- -tc - d ( J r  t.~ h + -
r o t o r  la  p l u s  swashplit- e i n p u t .

Tab le  12 l i s t s  t i n - c -  f l a p j i :ac; an g l e s  - l u r i n g  t h i s  m u u d m i s - u v e n  f o r  - 
I

a l l  s ix  h e - I  l c o p c i i -r s .  L a n - -b ; hie - l i coa t -r I o l . i -cw t - . t :h e- gi m a e r a l  r en d
that t h e -  secon;d fiapp .nn ; -j p en -u k is l ar - j e - r  tha i:; lii- fi rs t e - X e - i  p t  -

~w h o - n i  t I n -u  itt i t  i a I ro I I i s t o war d  in- t u i ;  l a - I t . Rot  or  - - -a m p I i  mac;
prov ndes a hig h e r  t h r n - u s t  leve l f o r  n - e - n - - e - r s ; i.Is t h a t h a - g i n ~ olt a n c i n - ;
~~i u i -  r i g h t , r -cl i .u l r i n ; q  l a s s  l a t e r a l  c on t r o l  L i u p U t  t o  a t  t a i l ;  I h a ~-dc~ i r e - c l  ro 1 1 r i  t n - -s.
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TAkL1 -  i i .  1- LAPP 1 I- n t - :  R O L L E R — c - O A S T ] - la ‘V-h!  T. V E R  FOR
D I F F E P J~~I H h - I h [ i ’ i PT E R C i F )  ROTO R TyPf- S

cg - 2 ii:-: . “ i n n - .
Tn-’oc Loca— F lapp ing  P ea k s  

~~~~~~~
—-

~~~~~~~~~~~ Load Load
( —  ) t ion  T r i m  I r n - i t i a l  Secoru ni Low q F a ct o r  F -a c t o r
____  

( i n )  ( beg)  ( d e n )  ( d e n )  ( b - - - ) ( n )  ( n )

ART 1 3 8  2 . 8 ± 1 . 6  4 . l ~~0. 6 3 . 0~~ 2 . 2  1 . 0 ± 3 . 0  1 . 8 8  0 . 0 6
F Pa A F

[Pd 1 3 8  2 . 6 ± 1 . 1  3 • 7 - 4- Q ~~4 3. 7 t 2 . 5  0 . 8 ± 1 . 0  1. 77 0 . 0 9
F A F F

OH 110 2.2k 6.OA — 8 .8 F  1 .85  0.10

10-I 1. IA lO.OA — 6.6F 1.80 0.08

011 116 5.6F 2.OA — 11.7k !.90 0.]4

All 195 0.8 L/A 5 .2 A  7 . 2 A  7.2R 1. 90 0.11

AH 190 3.2A 7.2A 8.8A 6.5k 1 .75 0.07

A l l  2 0 0  l . 0F  3 . 0 A  5 . 2 A  9 . 0k  1 .85  0.11

1Type of Rotor  or H e l i c o p t e r :

ART - Articulated four-bladed rotor on L I I  fuselage ,
15 , 000 lb Gross Weight

H ’Jd — Hinge les s  f o u r — b l a d e d  rotor  on cii  f u s e l a g e , 15 , 0 00 lb
Gross Weigh t

OH — Teeter ing two—bladed rotor , 3000 lb Gross W e i g h t
AH - Teeter ing  two—bladed  rotor , 14 , 000 lb Gross W eigh t

2 Letter  a f t e r  f l a p p ing magn i tude  indicates approximate
azimuth of largest down flapping

A — -‘a f t
F - Forward

R - Right

L — L e f t

L/A — L e f t  and A f t
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L-ti lit-- Helicopter with Two-Bladed Teetering Rotor
GW = 15 , 000  lb , Neu t r a l  cy
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F i gu r e  22 . Typical roll reversal man cuv - -r .
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A dif ii --c - _ - n i t n:naneuVer , in wh a :0 t he  stun-p i n p u t  wa s  not  removed ,
n - n - - i s  n i - -c  o ; a ; a -  to a — n - I c - a L a -  t he  ef ~ ac t  u t  1 u I ; — ~ i t u d i u i i - i l CYfl t. CC tn - i

q r J i v it - ;  t o - _ C c - t i -on  on th~n- r o l l  ra- - -’a-rs n - ]  . ~he h a - l u i : - c - - i  - i  -n - i c4

r o l  1~~-d n - i [ r u n - a k n - u i - c - l a  i n  o n n i - - dir - -
~ n n - 1:~c n  a lat e r -n i  c y c i - i c

st c-r i  a : :  a t  c-nc - s :~p ; 1 i e C i  c - f l  t r i l l  ‘ i a n c en i L c~ d i . r a at i o c .  rr h( s n - u ; ; -

n: ; c -~ ; n a t I a n - , - i n pu t  n--a- s n - c a i n - u  f o r  c - i l  r u S e ; ;  l u s t  ed in Table 13.
n i  i q h t l y h H i u - r  f l - a p g a n ’ T  n i - c - k s  c-r e  n o t -  n - n n - u t  th c-  al n- c~~, an ;ITI
a h i - -  l a n p i n ;  t o  the I c - f ;  a s  c- 1-~-.- - u a - s  m o n - n  t h a n  h t  for st - -n - n;
Li) • : - ‘ r a - -

-
~ ~n-~t 1i~L) Ti- ’ I ’ n - .  [-~ lC’ R [ f . ~-i

- -. a n - l - r - ) t - i t c o h i  - n c ~ r n ’ s  -
~~ 01 for each helicoy ter to ou t-n - in

o ‘‘ I’ l l  ~~
- r-, - — ; j -  a- -i a u i y i n - a  a t  l~n- r-~ t 5 1 ( . l O S l l a’ ; an g l e s .  A

t y p c  i- i -
, n - - - - - a - : in - pre sa-ri;t~cncI in l i g u r r . 2 3  and is

( - n a i l  i c ’  - - 
* .  ~ Ia n p u n ;  - c-ks . The first ~~- - t k  or-curs

a t  t a -  -  - - - a ha :- :c- na ro inor torqu n-- is suddenl y 
I I - - : ,l ’ ja , ic- st ill n n r o a ’ n ciin - :J a f o r ce  t c -

h -n  ,- - r n- ic- , co ri sec lue f it l y t o i i  c - a  - hr-

a r c - n - no  r . The n a t u r a l  d i he d r al  e f f e ct  ot
- : -  - i u s -  t I C - t n n - n - r t a - ; v  to r o l l  l o f t  w i t h  the

r esa l t i n - - - - - 5 1  i~ - k ; - . 1 i u t  cy c l i c  s t i c k  i n p u t s  h-2 to --
- -  i - c  l u ,  - r a m  n - c - i l  . ; n n - ; le , and t h c .- a-; e c yc l rc

i t n - n - - a a . n  - 1 -  ,. LI g o i a j  p e : u k .  If  SC/IS is no t  on , the
t~~1 nc - - go - r -.~ - - - - - - - n - t  t u r n  n - i - nd  n - i l l  not  f la p  signif icantl y.
I sho:n- Ic-: L- ‘- - - — h ’ a;~u - t ho u n ai t I i i  reaction will be a strur
f u ; i c - t a : ;  CO ‘hi - u a l - - c i t- c - 1 - - n -  t o o t  of t h i - - - f u s e l  age , as discussed in

h - — n o t c - n i - - I_ c c c - -s’ an - ’ , ,  u n _ I  o n -  t .h - c -mo n -u ni t of  t u n —~~~;o t h a t  is n a - e d e n - i
t -n) rh i c - t n - -  t h - -  n - n -  i n .  r o t or  ba- n o t - .- he t h r o t t i c -  c h c -~ - .

Tl~- - c am I r c iy  r u t  in- n - I c - t i - -i a n i u n n u s  - c-u- a n - n a - h  d e l ay  is possible Ui - t o r i
th e  ca .-c ’o- ;a - -r y  i s s n - n ti -- - . t .  A - u — s e c o n d  de l ay  was possible on
i l l  bc- i- ~h A l l  hal. ic-c - n~ , w h i r - i - u u n - i s f i . n -—i n g f a s t  i- -c  ana l  at hi g h-_ c-

t a r - n - n e  S a t ’  1 f l j 5  t h i n  i - i n - a - O I r o r  c - i r c r a f t .  At  t h e  on a d  of the c.ieI n-uy,
- i a c -  cal t~~c-a ~~‘‘~~

- p n  t i - f  - -n -- i s r e d u c e d , c - n an - I a f t  c y c l i c  s t i c k  a p p l i e d
. 0 i t u t u  i r a - n -  - Hare t. c, r~~- - ; c - L n  n it -n-  n a í a )  t i - a r r l~n a . The r a t e  c - n a n - i

m a n n u t  - n - I , -  I hi--s e c-c-n-p cal i nn - p u ts controlled I l i t -  ann-aun t  of
l l~~r - n f r i  S C - € n n-; i n  t h u s  c -u i  i o t a  u i  t n -ha~ 

- c - n a - c u v c r . T h i s  s i m u la t  u - c - n ;
cased i n p u t s  t Iou t W U ;  I n - I  s - a c , .a -s~~ t u i  i v  a t t n - - s t  the rpm c n n - - -ay  and
i n - i t  1 1 ’ in- 10— to  l 5 — - a r - ~~t ec-- r ) o s - — ; u l )  t i n - i r e . I L  w as  i nu r i n g  f i n - i s
f l ue  nn : l n n e u v n - - r  t h e n  La- lur - ; i -~~t l n - a p c - i n - j  ~-_ -a ks occurred . An
c - n a t  i i i  1 i - i - - n - k  was h i  r e s p o n s e  ~u - h i - -  ca-a l i c  i n p u t , b u t  t he  n- it’AS
an d  ~au t - n a l  l o t  h i d  a t n - - n d -n ’-: t o  c-v -c c - n a il roi n ina - I u s u a l ly  one  oi
two cycles of a d t n - c u y i n ;  c - i t  oh in n -i i o i l  a s c i i  lot  io t a  u — - c ;i r r -_ cI.
A s - i - - o n n i  f I n - i p p i  n j  i - c - k  sonne t  Lmc- s n - a - c u r t - -h d u r i ng  t i n - i - -  s et  t 1 i r ig

h ase  osci  1 1 0 ’  l o r i s  t h a t  ,- . is  - i  n - lirvc- t fun-ct j o i n -  01 1 li t: - ~CAU
c-nd c - n - I c - p a  lo t l:n - ’cl 1r~ i - i c - n - u i -  ia-IS. Uhf Ii - t b - s e  p i t  i- -h  c - t a d  r o l l
O S C I  I l o t  ic - it s n a - i - ;  n o t  be t u L~.u i  1 ;  i i - -i r i -.- :;i - n : t  t l v i - - o f  ( ) p - i o t u i - - n i o  I
sys t c-ants , h - -n - i ~~i L u  i 1 1 ai st r u  I a li e  re I at ion I - t  -~~ - i - . - t n -  L c -~ ‘pi  i n ;
an d  coat ro 1 u tn - ; . - ; i t  S .
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T/i-BLE 13. EFFECT OF C I-1 - I ’ I ’h R OF GRAVITY LOCATION ON I:-.R 5 a O t I S J - :
TO U-\ TERAL CONr I . ROL IN P U TS

U t i l i ty  1-lelicopter , Two — SJ~n - d e I T ee- t e rm ; - c - t n t ,

GW 15 ,000 3± , Airspeed = 140 Kn

n - n - - La t-  - r d  P-ask 
2

- c - aL i en  C’:-O ic- [ n c - n a t  f-’lanain~t Fl-n -ac-in_ ri
(in.) (dc-_ i ) ( d c c - )  (deq)

138 7.2 1 0.7 F 7 . 1  ~~~/ }-

138 7.2 L 1.0 F’ 7. 1 U / F

138 7 . 2  L 0 .8 P 7 . 0  L~~F

138 7.2 F 0.7 F S.c F ‘i-

138 7• 2 
~ 0.7 P 5.7 r~ /~ i-

130 7.2 R 1.7 A 5.8 F/A

130 7 .2 R 1.7 A 5.8 F/A

130 7.2 F 1.7 A (.3 F/A

130 7.2 U 1.7 A 7.6 L/P

130 7.2 L 1.7 A 7.u U -F

118 7 . 2  L 3 . 0  F 8 . 0  F / U

148 7.2 L 3.0 F 8.0 F/U

1-1 8 7.2 R 3.0 F (- .2 n~ /.

118 7.2 R 3.0 F 6.1 F

- - - - -Letter aft c-.r number indicates: L — L e f t , F — Ri can - f

2 Letter  a f t e r  f l app ing  magn i tude  indicates  a p p r o x i m a t e
azimuth of largest down flapping :

A A f t  L/F - Left and Forwot - ri
F — Forwa rd I ~A — Left n-n-al -‘

~ f t
R — R ight  R/F — R i g h t  and ‘- ‘orw i ia-i
U - L e f t
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Utility Helicopter with i w a -B la d e d  Teetering Rotor
= 15 ,000 lb , Neutral c-i

I~ 
‘ T T ~~~1 T ~

100 
~~~~~~~~~~~ ~~~~~~~ ~~~~~ 1 

- -

-Z ~ F/A Lat  -

n-a 25 —
~~~~~ 
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~~~~~~~
. C o i l  

- - a

~~ i-a’ — - _ ____ ,_ , _ i _ _____ l _ •_  
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~Q - - - - a -

~ T 
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-I - E ~~T’~ *~~A 0.0 1.0 2.0 3.0 1 .0 5.0 - .0

Time , sec

Fi nc-re 23. Top ical a;.u Lc - r -t:n -i-tion ent ry maneuver .
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A tah u l~.i n ic - n ; of I l uppini- ~ peaks du n i n - ;  i n  a - a t . o r u t  t ion entry c - f
n--ach helic-apter is g iv a- n in ‘mn-n- b li - - 1-I . In - u t I -  1 1 l  s - - n e-s 1 tb-
o s- i il .itury f l a p p i n g  1a .- ak s  - t i - - n- - c t - a n -; , -  w i t h  u n u c r c - -n- : - ; u n a - J  e f f e c t i v e
In -n-n b nt-s tr n - ii n t . The ct ff ec -t u ’-:e in - raIn - r i - - s t  c c - m i t  i s  I n a a ~r - . -a n: ;’ . -u A s
the rotor I ypc  is c h a n a - ; - _ - d  t i on-i I - e t a - r i n g  t o  a n t  i c a l a t  - - i - i  t o
hi n-p -te ss. ~1l~ A l l  autoro t a t i on  en t . r : W - I S  n r c - d c  a t  l~ o knots; how-
ever , the 2-- n - a -  -cc-nd i - I a -l a y before the collective d ro p  co-ni (I not

he i t t  n - u m ed . A ith a 1—second delay , the maneuver w i - s success-
f u l l y r u n  and , when ri-n-c-c- c-ted at 1 40 knots , gave- reducn--d flapp in ;
i n  the flare ;c -rtion.

All of the simu lat -.-d hr .- l i c o p t a . - r s  e x c u - , .- d - _ -d 7 din-grees of side—
sli p during these high spec -h n - i - t o r o t a t i o n a l  e n t r y  n n n a n n - a a - u v n -.- r s .
In all (.nises , no si gnifican t flapping increase was not -_ h u n t i l
the r e c o v e ry  contro l i rn - p u t s  wa - re  m a d e .

5. 4 Ut - /Fl__1-lOVER Ai .JTOROTAT Ii-JNAI i-~N’FPY

This maneuver c o n si s t s  of a throttle chop from an out— of— gn o ;anad -
o f f - _ c t  hover , f o l l o we d , a f t e r  a two second r d - l a y ,  by a c o l la -ct i v u
stick drop and a rapid forward c-n- - -lic input. ‘Pl an - - oL j n-ctivo was
to reach n-n - nose clown pitch r a t e  of 13— to 20—degrees ji - - r s n - - c c - a n d
in order to attain a pitch attitude of 23— to 3(~— i- ia- i-~rr

- -a- s nose
- : o w n ~ as soon as possible. This maneuver was to gain airspr-ed
to allow a normal autorotational approach to a landing at abu~at.
60 knots forward airspeed. The landing was not to be simulated ,
and the maneuver was to be terminated as soon as it was felt that
s tan-c-cl ’; a u t o r o t a tiv e  f l igh t  could be a t t a i n e d. ilowa ar , tin ’ -

simulation of the entire maneuver was not satisfactorily com-
p leted in the time available , thus no time history is present -_n-ri.

The resoonse of the ship to this maneuver was a highly coup led
r i - - a c t  ion ‘a the rap id control inputs required after ta-n- 2—
:n--: - ’an;d delay. The simulator autop ilot I ended to ovi -.- r n - - -rrect
for n -n - u n - - r a f t a ’ n -itud e errors , and a rolling , pitching , and yaw-
ing oscillation was usually cnn-countered that w o u l d  (J O t h r o ugh
at li - -n - n - st two cycles before- settling . During these oscillations ,
b r-no control inputs were bring n-in -he and t lapp inn -j p eaked to
over  n- :l e;rees.

This maneuver could have been-u controlled b-_ -tt. cr if the simulator
c - nail autop ilot gains were adjusted . Ilowen--a-r , it was fr-it to Ia-
rep res a -n t -ative of the type an inexperienced , over—controlling
pilot could encounter. Large control inputs at nap -n i -ropri n - it c -
times led to high flapping peaks.

5.5 TAIL ROTOR LOSS

The loss of a tail rotor was simulated fy simultaneousl~ setting
the tail rotor thrust to zero and dropp i n g  100 pounds f r o m  tin-i--
tail rotor location. This would approximate the loss of the

- a i i rotor bI c-d c-an and tIn-c- 90—degrr-a- ga - n - u  rb ox
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‘ t h e  i - u ~~t t a l  r n - a n s n-- r i - - macn ’- at 100 k:uots - - n  n - a i s u n u - _ ;  ~ l u - j h t  : n - n - r
t ln - ,n - [:1 w i  t I n -  a ‘ w- --- },l u - u n - h  te- - t a-rin g i - or .  T h - _ -  tin si za- of
hi - s i c  he-i icon -a - c-n wan found to ba I n n a c a u n n - q 4-a n- -n - to stap n - b c- i u a i t  ial
n - - - i - a -  rn -Lu a l , - - . ‘- l e a - - e d  r i - ni - - to tine loss c - f  t h e  a n t  u t o n a ~ ue c O n a t r  ib ’n -—
ion of n-he t a i l  r o to r .  Thu helicopter would yaw to an n - u tti t i-uric-

:rom a nn ia-h rc-- i-no n--e ry w a s  imposs~~b Ic - . The fin si ;e was incnra sc-u
to  at Ion -~- t ’ un - s an n - ca r -over  to f- comp let e d .  A y~~i ca l  i - n - i l  r o t  or
loss : - n - c - n ; i --ua-er is shown i n n  Figruru 24 .

b c - o n - n  t ail rotor loss , t in - i - - shi p i mmediately started t u  y- - nose
rig ht , p itch nose dc-wan , and roll slin-jhtly to the left. SPa-uS
na n - - a n - s  tend to rc-ci ruce roll and p1 ta-h changes that are mi ld.
ihr- a t t a i n  r o t o r  n a l a p p  l a g  increas -d only slightly e-~en when tin - n-
aide -slip angle- reached 13 da- a~rees or nrc-re. After a 2—second
hela’ , t ire collective was 1~~-n-ered and a cyclic flare initiated
in n - t i e r  to r n - --ha-ca- the a a r s a o e- h  and r e li e a-a -  - the an t it o r q ue
r e-au  ir ~n -m ent  on the  f i n .  As was ruot ed in LJre”ious autorotat ion
e n t r y  c o n d i t i o n s , n - a n this point , large rac-id control taupu ts can
result in lari-ja- f in - i p p ing  peaks. The results of il - un - se ant-c-ne -avers
i -u t  t w o  airs ;n-ea-ds n-ire listed in Tn-n-f-ic 15.

Since little di feranc e wa s  noted bi-tween the lapping re-action
to t~ u ii rotor loss or a u t o r o t a t i o n  e n t r  ies , tn-he aut rotat ion
entry aas used foa comparison br-tw a-en helicopters for the hi gh
sin-la-slip fli ght condition.

5. 6 ; -n -~~ L R— :/n- I-’LARE

The n- :-~c-r -oa flare n-ic-tn-cover wan-n a constant altitude - deceleration
f r a n -  lea-cl fli ght to a hover. From trimmed flight c-a 100 knots ,

c - f i n -  cr-clic stick was used to fani ti ate a 20—degree nose—n -np flar -_
‘~hile simultaneousl y -ndjn -usttng collective to control the main
ro n -or rpm . Once airspeed n--n-c-us an-own to about 10 knot- n - , the hel l—
coptn --r w-n-s nosed over to a In - on --n. The altitude cha na ge- d urin n -- _~this man ic-cu”e i was held to less than 10 feet.

An initial pa- n-k of 7 degrees rh - a - n - n . i- f t  flapping occurred when -u the
initial cyclic inpu t was ann-n-he , c- n -n - h except for an-railer pen -n-ks
caused by the finn -al adjustments of pIta- h attitude , the f l a p j .  n - i a -~
-Ic-creased steadil y. At hover entry , a smaller fl -n -pa ing ~~i- - a k
occurred win-en control inputs were used to nose ~‘‘r to a hover.

Since the flapping peak at the low-speed end of the  m a n n - a v e r
was  sm al l , s u b s e qu r - n t - r un s  wi - nra -  made f o r  o n l y  the initi a l f lc - i i --
from leve l fli ght.

i~ - 1 00—ft — l b / deg  hub sp r ing  was added , and the m a n - n - a - a - a - c -n W i - s  r - —
n - n - -I - i t  - - :1 using the same l o n g i t  id I nal cyclic inputs. ‘ t i n - i -  s -n - t i n
pi ’ oh ~n i n u d e result ed , and t hi-~ initial flapping ;‘n ’ak was
ind ist ini -m uis ha b ie from that ob ? aine n l aith no hub spring.

77



_________ - - - ‘ ‘  - - 

~~~~~~~~~~~~~~~~~~~~~ 
- 

~~~~~c-~~—-n..--- — ---- ‘~~~~ -~~~~~mn-~~~~ - -2..

L i i  lit-: h ie l i i --- pter w n th Two—Bladed Ta-otening i- ’ator
LW = 15 ,000 I n - a , N eu t r a l  c—j

Yaw - -C.) I
____ _____ 

• -‘ ‘T
~ 

- I 
P i t c h

-~~~~~~~~ 
l o F  --_ _

~~~~~~~~~~~~~~

2 0 - ~~~ 
- - - - -

10 ~~~~~~~~~~~~~~~~~~~~~~~~ 
‘ a - - 4- - 4_-

Time , se-c

ld i i -; u r -.c 2 . n- ’ r~n - 1 i a - c - l  t- 1i 1 rotor loss an - n i : n ~’ n - u v e r .

78

A



- ~~~~~~~~~~~~~~~~~~~~~~ ~- 
—- -----—-~~~~~~~~~~~ — ----

T A R L T n -  l 5 — I - a-c-i - L I ’  l N ’~ IN a- c -n - I L  ROTO R LflSS

r n - ~~ j~~ it v  E f e - 1 ic~~m - t e r , Te et e rin q  Rotor 15 ,000 lb ,
a-c-n-itral cq

Pc--ak Flac-oja a

‘i - i r s a i e c - d  Tr in ’n -  1 1 - c - a- R-for e Coil Af t -n -m r Coil Pea~n-
Dr op  Drop Sideslin

____ 

( n i e g )  (de - -g ) ( de q )  ( d u n )

tOO 0. i-a-n- l.8A — -‘20

i - ; o  0.8F 2.2R 4.8A >12

tNctter after flapp ing magnitude indicates approximate azimuth

of largest down flapping

A — A lt R — R igh t

F - Forward
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T h e  n-~ -r o  ia- n P- s p i - L i t - ;  h~- l c ‘ a-n r-n -p -~n - t e -.n- the na a aa - _uc’c-r n - i n -  10 ,000
:- o i - an - n - n - n - I n c - S n  n--n- i- cjin -t us a - a hi -n sc-n-ft I o n i - j  a n - t hi n - u-n-i c yc l ic  a t  i ck
i n n - n - j u n - s  as for 15 ,1)00 noun -ads. ‘t b- - n - cn-n -or -n -f u ~ct On I he u n - c r e a s e - - i
- n - c -s S w i - - i a n - l i t  i-.-;n-s ~n- t n - o r :-  n a p i d  n i n a - n - - -  i S i -  n i  collective stick ‘ a-

i t O l  a In-c- rpm 4- . ‘n- ha - f l a ~a- m n - t - -~ p~e ak  u n - u  ann - t ry h e n - n - r n - n-sa-h c-n- ’i- 1 n-i-~
0. P i-ia-gre-es ronc, a - Inc - I - as al c-h at  - n - a c 1 i - ~ h t n - r  n - V n ~~~j f l t .

li - I n - i :  i t S ’  c i t e - c - ’ ln\’es tui -ja tn - :h n - - n - a s t h in - - f l u ’ a n n e n t  -n-a the c e n t e r  of
n - n i- - n - i n -’ f o r n - -.’arh .  ‘l’be f l a pp i n - —~ ~ a:d k at  forw -n-rri a-enter c-f -j n - n - n i m ;

-n - c- s u -n -n - sc -h over that an - i  n - n - n -  n - a - -u tr -n - uul cc -n a ’n - ,n - r of pra’-/i a y , ‘ t in - a - n - n -
n - n - n c :  n - c - s e  - - . i- s of the sn - - -  a - ac - gnat t a-dc i- s  t tr u n - a nti - na- h Li igh t  I n - n - r i—
pi n - ag increase h- n -a- to t he  c e n t e r  of ~J r a v i ty  s h i f t .  1- m- r t n - h i s
a - n - uS e - , t b - . - su~n eroositioai of en--t iter of gravity effect on tn - rim
i- ’oum n - n In-u u ni - -al to n- na-di et this I

5. 7 l’ot’;l l-t—OF [-’ l- LARE

Tt n - e -  n - r n - n -  n—of f fi un - -n- n-v -c-s cnn- tin - ri - ad front a sn -  n-dy a u n - o r o t a t i n a n c- i-
PP kin - en s. An n - a f t  a- i- a - - l a - - c o n t r ol  i n p u t  was made n o  b r i n g  the
n-n - s n - - of the shi p t -~n- n-ab a-u 20 degree s  n o s e — u p  to flare- for - - n -n
n - i - u n -  c - r o t c - a -  i o a a i  ln i nc -chinp . The flare i - - n - i - s  s in n iu t a t e d  f r om  i n i t i a t n - o n .
n - u  n-i- L a n - u t  15 knots n-n r a n - - i - - o h  in-n-u t no l a r d i ng  n-- n-u s a t tcma-t c -d .
f l a n - - n - n - m r a --~ n - - h n - a r a c t a m r i s tn- t a - s  wi - - r e  S n - n i in -a r to those noted in the
p-Oi-•’.( -- t  —on I Ian - r ’n -- .

‘the pi - a k  I i n - un -- pai n -p d i r  in n - p  t I n - i s -- n - n - t e a - a - c r  ac-n - n- rred im m ed i at  -

aft a t i n - a -  i n i t i al  c o n t r o l  ia-inc -h and was a fan - a ction of both
the r a t i -  n -n -nd a n n a - l i  t n - n i - a c  of the l o n n - i -ji t ud i n a l  cyclic input. Fig-
ure 25 sLa m n - a n -n - ari z e s ti n - is r n - - l o t  b a-shin for the power—off flare
a - - u r n - n - - a n -n c r  a nn a - h  -n-as determined in the fol lowing main-in-en. A a-ri—
a n g a a l a r  1 i -n - ru -r i t  n - a l  n - a - a l  c y c l i c  inn--ut n-- - s  f o u nd  t h a t  p a v e  -n -i - s te-ad-
20— --ieqrce n - - u s e — u p  p itch -:uttit -ihaa . ilot din n -r j t ine p r un - an - nn - - t of the-
pc -ak  arn~~l i ude n -n -nd t h e  l e n g t h  of t i n - n e  t in -c - control was a p p l i e d
cc-c- n - s t  n - r n - t , i t  i s  seen t h a t  m a n n - -  c-n a- - b i a - a t i o n s  of- anip i n -  1 u de -  c - a n d
t n - m e  prod uce the same f in a l  p i t ch  a t t i t u d e .  A l a r - j e a-n -a n -j n i t  a - d u n - n
c c - ni t rot i np u t  c - a - - a - ti c-cl over n - u short time- results in hi gh p i t c h
n-a t - -s ann - h hi gh - m n - u p p u n c j  to na-c-ch to the- 20—n-i c--gre-c attitude.
A l awn- n-- n - n c - a -n i t ude  i a n - p u t  app i  ieci over n-n- l a rg e r  t in n - a -  r i - - aches  t in - i - n - r
n- n - i - me p i t c h  a t t i t u d e  b u t  w i t h  -n -n- lower  a - i t c h  rate -and low- n

l a pp in -~

T h i s  r e - s -a l t  a-n -I re -es  w i t h  n - n - o n - u n - t e n t s  by experimental t~~- st  p ilots
a t  BUT and n - n - r i p p o r t s  the  idea i- hat slow , deliberate - conn-trol
L f l~~U~~S n -na ’ necessary to recove-n-- f rom run usual f l i g h t  a L t i t u d e s .
Lan-nc , rapid control input.s should t u u t  be us ed i f  h i gh P la~n-~ in -n -p
is a be- c-va ided

5. 8 i ! ( ) V l - u R I a - n -  la-il ’— LI)

t h i s  r n i a r n e n a v e - r  c on s is t e d  of a rapid c o ll e c t i v e  i n p u t  t o  - i t  t n - i n n -
~n - pn - n - r c : - :mnnatel -- I . Sq no rn - -an - i n-u rn - ca- la - rat j o i n  l i u u i i -  l n - o v n - - r  a t  e x t  n un - -me
i o n - n - n i  - c - d i n - c - I c e n t e r  of u r a v i t y  l o a d i n n - g  ( I ’ m - i a - r e  2 6 ) .  The r a —
act i O n  c i -  t h e i n - i - - n - i - i n  rotor ti c - pp - i nn-p n-in-a s, ton t h e  e x t  in- i-n -nai~- a- n n - in - i d

—~~~~~~~~~~~~ - 
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Longitudinal Cyclic Input , deg

t —

~orn- jtudin -n-il _____  
NOTE : Control Inputs

Ca-d ie Ta-n i-u t a-n - a d a - Holding
A tA Cons tan t  at

tA 4.9 cia-a-—sec

Figni n e  25. Effect of control inn -put m n - n - i - n a - i  t n - i - I c  and rate c-na
n - n - n - i n  no t i —  r f l a p p i ng .
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a-en ter of n - I r u v i t y ,  a st - i- -a- i y d i - - a - r e , a~~n-: i n - n -  a n - n - - p u t t  au - n - - i - s t h e - c - n - n t -
of c l i m b  a - n n - n - - n u’asa-d.  A t  a f t  i - n - a - n - a I r - n  at  n-j r — u n i t y ,  t in - a- P t c - p i - pinu i - J
g r a d - n - u i  l y i n - l i --n e c - s e a - . 1-or L ot  In- can - n -an- n , t hin- cI ,wit I o n - r n  -c-ru t i n - -
n- ’ t t n -va t~~ r ~. n -  I L  b u i l d  up  - i - s  I he n c - t  a- of c - l i n n - u b  n - n a - n a - n - u s e s, n- n - e a s i ’ n~
an-n- nn-O sat — n-au i n - i - i ‘ i- - i t  n a t ~~- a d ev e l o p .  T h I s  n - - i - i l l  1 - -a c -  T o  n - u o~~a - — n l-n - n--i a .
f l a p p i r n - u  t i n - n i - h  n--n- i i t  n - n c - h a - c e  t i n i - n -  I a tn n - l enn - c i c -s n h e S c r  iL- :h c - i n - c - n - : .
N a-- t r a n - n - s i a - n n -t t 1 n - n - n - pin - a-g c-n -n - -c - ks e sea -r u  i n n -  n - l a i n  a i l a n n - u n - -a- r .

5 - ‘  a- n-’44 ) l / L~ D I N i-Pt A N D  iLl-Il ’ L A i l i h i l I ’S

L s i n - u . t  n-n s i a n - i a - I c  m a nn - h i n - a g  ar  n - ruodea l i n  h yb r id  CS ! , h -n-u n- i u n - nh ia -p s
n--:~~n n - - s i m n -n-I u t  ed i- - n - n th n-n- v e r t i c al  ra u n - - S a - e n u t  to n j r a n r a n i  c o n t n - i c L .  TIue
s i n - 4 a  n - u i - i -. - a t  Ln - . na - In - h- n - -n - a n was set by n - n - d ata - n n n - i -j  the can-n] ti - -c ia-c i~~i - Pu
si- -I t i n - n - n- b ,i -L en--; n - lan - n -I i - c j a u i  r n - -h f a n  I n - a - n - i - e r  an - i d  n - i - s c e n u d  in -; fronn tbo - i - n
a 10—foo t skid i i - e l i - h l n -t . A f t e r  touchdown -n-, t a - a -  col  le c n- iva -  -i -van
l a - w i - r n - - h  t o  f i n - n  p - i l  a -h  an - n - cl  h a - i - :  dun - i n n -  a u n t  i t  t r a i n - s i a n - n i t  o s n n - - i l  L i - a - i c - n -
h i  c-c -h on . - n r c  an -p t c -k e o  I f s  wi - - i-a- a i so  to c- r n - t i n - , t h e  ( n - t n - C t  of  a

n- h a -  a - c- n t  a - - c - i a -a s  a -~ u l i a - a - t  b y e  p u l l — u i :  nn - n -n -d n- a - c r i t i c a l  t a k e o t f

At  t ha- n - f t  c - n - C  a -n  of - n - j r a v i t y ,  t i n ’ - i - a f t  1 - n - n - f t  c - I n -  h i t  first a n - a d
p - n - an - - r a cd n - n - : a  u n - a n - t a - a l  n i n ; ln - t  r o l l  r a t e -  c - n - in - f n n - o s a - — n - n - J ’~I n - n -  p i t c h .  22- n - i -  - a
~i-tt w a s  en- rn- , t h o s e —  l a rg e  r at e s  i-~ an - n -nn - - r a L e d  i c - n i - j u n  c on t r o l  i n p u t s

t o t I n - i - .- t i n - n - a  i t  of SCA S a c a t h o u L  t y )  to a t  n e -r n -p t  to n cu t r c - 1  i z n - n -  Llu i - n n
r n - n - t n - s .  TI c - -  P a u s n - t n - iqc  p a  ta-h i-n - - t n - n -  w-a s p a r ti c u l a r l y t n - n - i - g e  n - - n - i n - i a
c e c - m n - -~n-ned to rn -n - i- - c-s seen in  n ornn n - c - 1 f l i g h t  , n-n- a - ad when  t i n - c -  n o n i a b
n o t  or l i - c t  p l u s  t h c -  SC/n- S c o i n t r ol  i m p  a t  is  n-n-ode , li -a u i-jan- a l a n - n - p i t a - ;
n c -g a - i  t n - trb e-~ nc - sn 1 t - in- n - c - an -  t h i n -- I n - i t c h  ch an - n -n n - e l  of SCAS is m o p e r —
n - n - t i v e , t h u -  P l c - p p m - t n i n - i t h e  h a r d  1c - n - n - d i n - mc j i~s r e d n - a a - c - d  . l - ’i j u r e  27
is a in - c -rd  tn - m n - n - r i i a t c j  n-v t h i n -  p i t a - i n -  SCAN on , i- n - an n - U Fi g u r e  28 is the  sa n - an -
n n a n ’n - - u v a - r  w i t h  p i t c h  SCAN o f f .  A r e d u c t i o n  of  a b o u t  2 d e g r e es
~n - n - p p r o a - a i m a r  icy o n - n c — h a l f  t h e  SCA N a u t h o r i t y )  a-s sc-em- in the-

s a - cc n i n - d  f i n - a p i rn - n - j  p - n - u k c - f  t e n  L o o n - n - I n - c l o w n - n -  w i t h  t h e  SCAS o f f .

The trend of increased flapp in g with pitch SCAS on is jnresent
a t  ~u 1 i  ~~ n - n - : -n - r a t  - - s  n-n-se al and for bo~ i-n f o r w ar d  c - t a d  a f t  eq e x t r c - n n - n i - - s .
T a b l e  16 1 i st s  t ln -e  d a t a  o bt a i n ed  in  thin- h a r d  i a n n - d i n n -g p o r t i o n-  o f
t h e - s e -  m a n n - i - i n - - e n s  f o r  v-a r i c - t i o n s  in s in k  r a t e  i -and c e n t  i- -n  of p r a —
vi  a- l o c c - t n - i n n - n -  ‘~v u  t~ h SCAS on n-u nn - d of f

‘n -c j u m p  t a k e o f f  c - t  n-a ft center of g r a v i t y  show ed a s i m il a r
i - r e n d  of I t a p p i n n - q  I-a t h a t  s i - i - e n  at  f o r w a r d  ct -- n - n t i --- - rn- c-i  a- r a - u v i t y
The ca-cc- I n c sn - n -  ick  wa s  p o s i t i o n - n - e d  n e a r  the n-m iddle of i t s  r a n n - - i a -
b :e f o r e  i - I n - c -  c o l l e c ti v e  was  mon a l .  Wi n - cnn -  t i ne -  a n - n  c n n - a f t  St ar t e d
to l i f t  o f f , n-n- nose  up p~i t e l — a n - t a -  ha-ne  loped .  ‘the- p i t  - n - l a  SCAN
, a n - n n - - 1~~~-r1 f e n w a r d  c-n- - a - l i e  to c o u n n - L e - r a c t  t h i s  r a t e , a n t i - i  t h i s  on - i - rn—
1)1 n n - a t  i o n - u  p r o a h n - a c e a J  down -n - f o rw a r  ci f l a j i - p in n - g . Wi th- the- SCAN off ,
ehe sc-in- ca ma n - a - a t  - -en p r o d u c e d  n - u b o t j  t 3 dc-;  n i - - o s  1 ess I I n -n -p~ -i ng . T h n - n -- si--

r e n ds  n - i r ’  j I. [u s  r i - i t c h  i n n -  i - c - J u n e - s  27 a n - n - c l  28 Ion  t h e  a f t  c a - n a t  i - -a - -
o f  i - h r c -  n - t  y load i ng s .  W i n - e n - n -  n-a j a n - a m p  t n - k - - o f f  w a s  n - ic -h a  t o n  t i n e  f o r —
‘•n - :a rn - I cc- rn- t n - en  n - n - f  p r -n - - n-’ a L y ,  the  n - a b o v e  t r a n - a - U s  n-it - ra- i- u ‘p c-a t e d  b n - u  t n-~ i t in-
c-a nn -os c ’ c ia - a - - rn -  p i t c h  rn-ate n-i nn -cl do wn i -  aft flc -1 n i - i nn - q iie~ u k s .
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Pi pn -ir e 27 . Typ ical hard landing and j u m p  t n - n - k e n - n - F l  — SCAN on.
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Ft-lure 28. Typical han - i- I lai n -n -cling and jump takeoff - SCAN a- ’ I- .
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TAI~Fi -t In- . 1- LAPP ¶ LL IN HARD I, c- i - N n -  ¶ P44 FLOP HOVER

UtiLit a - - Helicopter , Ta--c -—B in - a - led Teetering Rotor , GW = 15 ,000 lb

— Rate of Cc-rn -tn-er of  C r c - a - i t ’. ‘ l a n a - i n - n -  in Re-n-uk

Sink SCAN l a-cation lEa -a-er Flappinq
(ft- ’sec) 

____ __________________  

( i - I n--g) (—lee )

— 5 OP AF’r 4 9 . 5

— 5 OFf’ ALT 4 6 . 6

—10 ON AFT 4 1 2 . 0

-10 OFF AFT 4 8.3

— 5 ON FORWARD (3 11.0

- 5 OFF FORWARD 6 8 . 0

-10 ON FORWARD 6 ~13

—10 OFF FORWARD 6 6.6
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a . C L I I  I C A 1 l - I ~ l t i l l  - - i t . l n -  P lOP R44t i, ’~’S

a 
i - l i - In -a - na-s nil t s of t he a - n  I t~ i n - c - a l  f i i  p i n -  t c a i n - U i  I i o n -  s i n n - an - n -  L a  a- a- cn-n-n- a r n - i  I-
p a r - u n - r a t - t i n - i n -- s t n - n n - iy i n a n e -  u n - n - n i --c- t e d  P t a - g t u t  - ‘ - - d i i -  ua - n - n - s, an - o n -~~ ’ a - l i n - . —
p u t s , amn -d helicopter c i t n - n n - i -- L u n - n L S t n - c s  t h a t  1

~ - n n - l n -a L t - - a - n- a n - a l a -
r o t o r  l i a r - p a n g .

1 CR 1TICAL F L i G H T  CO P D I I ’ i O l ’ S

F l i ght conditions associc- t i - -d n - -n - it hm hi g h- fI n-u~~ n - t i - n -  -n-- n a- l- n - n--~ )r
n-n- a n - d a tive— c l c c - a nn - c a a a o n - a s  and areas n- -n -b r -  s ic~n i f i n - c - a m n -t n - - n - r n - n - t n - r u - n -
blade s i - n - n - il occurs. Low—p conditions a- - i- re- a ~- n o L l c n - n n  t a r  I n - - n - - l i --
en -n- - t a r s  without hub r e - s i - r n - u  in - n - h s in c e  the ron-air tn - n - r u s t  - -a - c - I d
proach zero and , S mince ‘ateral control is - :btn - I n - n - c d i-- -i n - n - c - - a - i -  n - a n - p
t h i s  th r u s t  -n- ’ector , the- lateral cart t- rol  pan - -n - c - r n -  n-von n - U  n - n - I s o
a n - n - n - n - roach zero. Even wi i -h  hub ran - st a n - n - n - nn -t , a i - n - n - af a n - i - - —
w a - i l  be- reached at which the cyclic contra -is w ill a- ’ c ( n - n a t c -  a - r n - -
el f - -ct ia-c or reversed . Hub r e s t r a i n t  n - raa-nu n - -ly mn - n - n - n -a l n - i a n -  p l i -n -a -cl
to mn-ore negative values .

Retreating blade stall occurs win - - a - n-n - a -he  c- a -p l c -  or  ~ t a- n - n --k  u n - n -  hi -n-
retreating bl aala- ea- n - cn - a -e -d s its stall la - n - n i t  , n - v a - i - h  n- i -  i - r -~~ Li- tn- n-u n t. - a ’ —

crease in lift and increase in drag. Conditions i - h-n -j t c c - n - n - l a n e  
-significant amounts of blade stall arc heavy i-;eans we- ip h t , in- in-jP

load factors , high density altitude , h i n - ;h  a d a - a n - n - a - i - -  ratio I n - - n - -.’
RPM and/or high speed ) and control inputs t i n -  t i - - r ca to i n - a n --r e -c - se a
the angle of attack on the retreating blade.

6.2 CRITICAL CON’l’ROL lId-I TS

Con -n - trol i n - u p n - u t s  we- re -  a source of high f ln -up pi n n - -~ v n - a u - n - .  a n - n - -  aa- i - - i  d i n -
a n - n - c l  n-v m th large amp litude- . If the c~’ -a-i i a -  c o n t r o l  is a n - p i l e - i
faster than the helicopter will respond , high fl n - uuj n - i - ir n - a - - i t t
r e s u l t  in  p r o p o r t i o n  t o  this i n n - p u t .  I f  c on t r o l  m o a - u - n t e r l t s  - n- ne

a n - n - n - i d e  slowl y so t h a t  the  h e - i  i c o l— t e r  n a n - s p o n d s  i n n -  i t s  n - n - a  r~ n-a n n- i I
r n - n-jid bod y modes , little fln-upp i mn -c ; is n-n-~~~i- n-n - n--n- h e-n i a- i - i -u -in - I i r - j e
lage resporn-ces are i - n - I e m n - n - n - r t d c c i.

A n n - o t h e r  i d e - n - n - h i t  n - e d  s o n i n - i c -  of con -a t r o l  i a n - I n - n - u i -  -n -as t h a t  of ~ n - i t  on - u n - I  i i - -
st - n - u bi l i z at i o n  c - n - i t m i p n a e m n - n n - n -n - C A N )  a n - n a  h n - n - r n - i  i n - n n - d i r n - i - ;s I n - n - a - n - s i - — I a  a p h i  or
rn -a- sc-—lo w c c - o n m c h t t i o n n - n -  . TI t e -  i c - r i - n - -.- I ‘use ’! ~a i - j a  rn - i f i- - n - - a ~- arn -  -~ r o u n - n - - n -  r o a n  -

tan -ct tend to be- rn - u n - in l a rg e r  t I n - n - n - n- n c - t a - s sean -n -n - n - n - i  t i n - i - n -n t . ‘l io n -  SCAt a
n e t w o r k , wh icn - [n is in-- S i  n - i n n - e d  F o r  n-~, inborn -c - corn-d i~ i o n s ,  f t  n - a n - Is n - u
- n i - - ’c- its full c - n - u i - I n - o n i t y  i n n -  t i n - i - n -  a - i r a - a - f  i o n u  - a - - n -  c - - n - n i p  t h e ’  : n - u s i - - L u - i i - -
rn - ate. T i n - i s  SCA S i n p u t  i - n - c - c - n - u s e - s  h i - ; lc - -r i - I. pu n - nj a - ni a n - - n - r n - i  i a n - a d  i n - a - J r
t h n - n - m u  w h e n - n -  the n - n - i - A S  in - o f f .
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a . 1 (.‘ R l ’ i ’i CA L  E I E L  I C - n - t I E R  CIiAI-I j \CTII R I STICS

I- I t n - i’ h n - n - - l i c c - n - n - n - n - t u n - r  n - i n - n - i  n- n-n-t er cinaracter isa -ic s have P a - - n -  i - -i - - n t  i f  red
i- i - S  n - i f f - n - ’ i -  a n u ~ I l c - n p n - n y  i n  i - l i  p h i - . l b - n - -  -n-e n- , three- cat --- l a - rues
ot ch a r acn - t n -n - aistic s c-re of particular ait a p c a r t , t a a r e :

(1 .3.1 Rotor ‘I- ypn --

T in - n - - three- rotors investia-jata-cI have- sIn -- an : u r  a-ha n a n - n - t a r 1st icc - s ira
that i - li - a - Sn -r ae-  contro l Inputs n-nd oln-- a - n a t  a- a n - p  c o n d i ti or u s t La -t n -
p r - n -h e n c e  h i gh f l ap p n - . n - n - - t ie r  a - m n - c  r o t o r  a-- n 11 p m - oduca n -  h~~ph I i  a p p i n j
f o r  t h e -  o t h e r  n - n --5 es.  The p r i n c i p a l  d i f f e r e n c e  i n n -  f i n - n - p p i n g
hi - -I n--i-- a - cnn - t h e  r o t o r  type-s was a- ro n - In c- ed U di frerences in ef in-n-c-—
a - ic e hub restrain t- . The addition -n-al hub moment due t o  f l - a ma- p in - n -p
restraint ti -~ nds to ro t a  t~a- th i -  fuscic-pa: in a direction tending
to reduce- fln - ua - r n - inn - q f o r  all maneuvers. m u  an-tUition , i- bc -  con-n-trol
n- n - an - a - i - - n pro a-n-ded at l ow— on  negative—p levels re - du e- an -U f i a p a - i n y
s i g n - n - i f  i c c -n t  ly in  t h i s  f l i i -~ l n - t  recj in - n - t n - n -. It was also not a- - n - i  t h a t
the- co n i ng  angle-  of the a r t i c ul a t e d  n - i n - n d  h i n cj e le s s  r o t o r s  c-~n--
a -n a - ac h e d  / e r o  in io n - -n - — p mnin -u n - n eu v e r s , t an - -n - cling to reduce  ro to r  t o
f u s e - l a - n - i a n -  - a - i c - n - a r c - n - a c e -  a-a-en w i t i n -  t i n - - n  - h i g h  i- n - mn -b r e s t r a i n n - t

(.3.2 f’a-nse lsun-jc- Sn -abil ity

R n - n - s e - l a n - t a -  s t- a b i l i ty  chu n a n - n - t i - - n  1st  ics a f f n -  et  1 l a p j n -  i n - a - ;  I- n in - n --tn - ri l y
i n  la -i - rn - - i n- u r n - I  f l i gh t .  Increased in-itch s n - a b i l i t y  r- - ia - i ces In-rn-ja r
t -ontrol inputs m rt d , consecj n - n - - r n - t l n - -, h i c j i n a  n I l - n - n -  I n - i n - n - - i  10  n - i - a - i n - i a - a - c  - i -
desir ed pitch rate. Elevator pen -run e; n - a l t i --rs t in - - p u t i - - l a  s t i - b i l L y
and , if geared to in - -an - c - rn -- -n-se In-n- ta-h c o n t r o l  po. an - n , n--l i 1 1 n- ‘ - -n - i a-nci -
f1a~n - pin - n - q in lorn -n -ji fn-udinal maneuvers.

In  l i - i - n - - ;  speed f l i g h t , t h e- l o c n - t i o n n -  of  t h e  c ia -a -a l on - n- - n - i  t h u  n c - sp a - - c t
to t h e -  m a i n  ro to r  a - - a da - -  c a n - n -  make  n-u s i - m i F i n - c - n - n n -t con -  n U n - u t  j o i n -  t o
m a i n - n -  r o t o r  f l a p p i n g . If  n- in - i - - e L e - . - i -  t on  is l a - a c - n - I c -  I s n - a n - n - i a  t n - a - n - t  t in -o
n -n -n - n-i in  r o to r  w a k e  can i r n - t n - n - i n - a a - ju n - a on the  s un  I a - ice -  n - i t  1- i - - n -  s~ -a -Is , 1 a r i -~e
p1’ c -h i n g  moments can be n - la- - Va- 1o~~c-h c i - n - u u s i r a n - ;  I n - a n n - n -i a - i . - n - i t t  i t n - a i - i e -
ch a n - p e~ and c o n - n - s e n - n - u n - n - n t  c hanges  in f l ap p i n g .

D i h e d r a l  s t u h a l i t n - v (roiling mon -n-memn -t d n a -- to side-slip ) w i l l  in-
dire c t l y affect flapping in m arn - e -n - ’. v e r s .  A nn-onne -ut rn -ul c l ih a - dra l
e f f e c t  w i l l  c au s e-  ro l l  a - - in - a --n the- a i r c r a a t  is si i e s i i : - p i - - n - i , as in - n -
r i - - d c - i  k i c k s , n -un -b a - rotation cnn -tries or t a i l  rotor loss. The
In - t i -- cal cyclic control , and  t h n - n s  f l a p p i n g ,  r e - n - i - a i r e d  to  c o u m n - t  n - n - i —
a ct: t h i s  roll will be proportional to the a-h ih e-cn- ral eff ect.

ii - . 3. 3 L o a d i n g  Conditions

i L - i  a - c o p t e r  i o n - c h i n - i  a - o n - n - h i t  i o n s  - v i  11 n -iL c-ct  f i n - p p m - i - ;  t i n - r o u gh
h i - n - t n - h  - - - - n i - e r  o f  c i r a v i  t y  an -n - n -I gr a s s  w e i g h t  a - ft acts. Ca - n - n -I i - -n - of
- t ray j t  y e x t  r i -  - n - n - i t - -s p n o d n n c c - e  H i ’ ; i n -  Li n - a p p  I nn - g  i n - i  I on -v—s i ‘ t - - i - i  I ii i-jht c l u e -
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to i -he  c u r t - I n -p a -  - i t t  i t  ode-s r:i- - j u i n n - - -- a .  i n - n  k n - i g l n - — s p - i - a - n - i  f i  i i-j In - t , nh-
a- f fe-ct on - nn - he n- - n - i t  ~- r  of a-;rav u t ~ a- - a n - a  t n - - i a  sta in -il i n y, n - is  d i s cu s sn -n - d

a - n- ‘ - n - i n - a n - n - I n - n - n - t a - s .  IIea-;y gr o s s  -~- ; - - t i -~un - n - s  i r a — n - r i - - n - s i - -  t i i i - -  p o s si—
U i  i i  ty  n - i l  e n c o u a n  t - n -  n - n p  r et  r e -n -  t i n t _ i  it ~i- n - in -  si - n - i ll in h a  ph spi n --el
I I  u n - ;hn - t an - n - n - i n - u- -auvers.
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n - n - i n -t n - a -- - n - n n - I i t i u r n - a ;  c - n - n - t a -- n -- u i  tn - a n - t a - n - n - i n n  r o t o r  a l  n - n - p m n - n - i - J  i d c - r a t i f i a n - d , a
ma n-n- sin -el F l i - I n - p i n - u n - n -  he-s n - - n - n - i c r i t e r i a  n--n - - n - s dc-ve-lopa -h. r f h i s  c r i te r i a
a- s a - n - a n-n- - -n - i n - i n -  t i n -  - S a - - a - a- f~ n-an n - i a n n - - S  1 ;n - i i- i- r n - a  i n - n o  o n -  a - f  1 in - t i t n - t n - u n - i

- I n-n- t i n - n - i i - ’  1 I n - a p p  i n - n - n n - n - tn - n - u;  n - i l  n - n - i d a - s

/ - L [ I-i I T  I L APP  1 di CR l i - Fl - I L L A

A l a - n - n i L  I I n - r - u i n g  O n - l t e - F i n - i -  i s  ~n-d a - n - o a n -n- n - - - l a -  n-I a - f i n - m n --a l in -n - c u a -  n- - i n - i -  di -. -—
s n - - n - n  n - n - a - e n - n - i f i - n - n - i o n - n - S  n - L a - I r a - r n - c e  I . )  I t t a s  l i m i t  c r i t n - n - - n i a  a n n - a , ]  ie-s
F or  n - u i  c i a - n - n t i - i o n - n -s n-- n - n  t h i n - u  t b  r c a - a - a n - i n t e r n - h --h I I  i c j h t  c m n - - : . n - i o~n- e n -n o- n -il
s e-c-i -

- n - n - i  - n - n - t i - a c - t n -  - - t i - i n -  F l ap pi .n - i - -j sn ap s  a - n - - : ca - : n-~~ n - I n - n  n- i q  s n - o p  p
or st n - r La - n - t - J li e-n- rota -n

— : u i r f r a n r a e -  c - l e n - r a n - n -n- -c of n a - i -  I - a - u i - - s

ha -n - d a m n - n - u - n - c  p ) t h er  i - I n - i n - n  t a n - i a -- i n- i c- - -0 n - t t d n - n -- n - n - n - rn - n - r n - n - f t
is pern m n -it tn -cn -i a - nud e r n - n - o r- n - n - n - l i  a. 1 h - i n - a  tie (n -pi - : rn - n
n - i o n - n - n - i  l i - n - i n s  n - n n - n - n -. -~ f i n - - n - a  i . -a -~~~ h - - n - i - - - - n -  a- . n - i - - n - n - ran - n - i a n -n - n-i n - a
l l i i - ; i n -e n - : n - a - 1 O n - n -S , n -rn - en - c - i fy I n - u n- j -n - i lv - 

- l a - c - a - n - I ,  - i n - - n - —
situ: n - n - 1 t i - -n - n - cia- , r~~~n-r r pn-a- , i o n - n - h  t i - - , n - - n- , - ci- - -~ -d i n - n - n - i i -s ,
n - r n - - an - n-n- 1n-~n - i - I  un-d - i- i- n - in c  u ser .  ‘il - n - - s - n- n- - fl a-i - - - ni - n -h r n - i  in - a n - n -  l i 1 n - n - - c -
c~- c n - i i a -  n- En-a s , s i - r n - a n - n - c - t u r n - ui l o a n - n - a - n J ,  n - a . i  n - - a - ,  r a - n - n- l a n - n - n - t a - .  In - n--
n-I n-a I n f-n- - a n - n - -n t ln -~ In-cl ~co;n-ten-n , n-i d a - - i - i-n - t . . - - -~ a- 1 a - n - i - n a - a  C-  - n--n- i 1 1 U i -  -

cIe - n -n -n - on~~r n - r n - n - t c d. l I e -w a -n -- a r , a - i -  n-n- i n - o n - l i d a n - - -  .o a- - h  - a-a t , on - c- - i n - n ser—
v i  c c- , t in - c  a i r c r a f t  m n - t n - n - y  be f l o w n - .  a - - n - ’  s - n - a -  - t . n- n a - n - n - o n - mn - m a - n a n - i n - n - h  L a - n - m n - i t s
U n - i - : -  ci  t h or  to f n - n -  i Inn ran-s or to mm i i ruse I - . ’ n -c n - s i -n - a -  . in -lie -n t i n -  ~~S
o c c ur s , -

! i m i t  a i n - i n - a p i n g  con - n - I n - h in - c- c :- :a -e n - -d - n - i .

7 . 2  ULT I I-IATI - l E L A P P I I I C  C R I T E R i A

~i ’In -e n - a l t  I n - n - t n - t i - -  In - l ilY c n i t e r n - - n -  o u l d  -app l y t o  n - u i  I poss ib le  o a t —
o f — r c - c - onu n n - n e :n - n - l i - n - d  fi ight n-n-n-nyc-lope Ii  ic jh t  ca- a n - l i  I i o n - n -s n - n - n - a - i  I n - i  l u r e
con - i d  a en -  on s t h n --n- t c n - n n - n - o t  in-n- - - s i n - - n -u -n - an - to i-rn- n - n - x  t a - :  rn - n a - - l’n-~ na - n - n - i a  tn -n - . The
proposed  a n - l i - a - n - n i - n - n - i - c  c r i t e r i a  n c n -. j a a i n  c :

— no f - n - n - i l c u r e  of primary s i - n - tn - n - n - c -I a- U r i c -  to  f l a a - 1 i - m n - n - p  ste~-
cc -a -n - in -tart

— no c o n - n - b -a c t  of tin - n - n -  r o n - o r  I n - I n - a l a -- n - v a  ~h t in -  n - n - u  r f r a n - n - a e n -

Tin - c-  n- n - i t  i~~a L a -  en-na -c ion - - n -- should cnn -con -n -n- p-ass n - il I ~n - n c - o in - n - b I  o o u t— c ;  —

r c c o n i n - m m i i - - n - n - n - l -n -d e n - n - a - e l a n - u n -  c a - m n - U  i i -  i o n - n - s  or  f a n  h u e -  a- n- - n - n - h i i o n - t s  t n - n - i -  
c- cc - n - - n - a r  i n n -  s n - - n a - m i - c - i - -. On l y c - m n - m a U i —  n o n - i s  u - n - i i o s i -  n - l i a - i  L a  ty o r
n -ac -c -om e n - n - a - n -- is cx i -r e - n-n-c i~y~ a--a-mo t~ t n - l i - i  in -c e xc i  - i d c - d .
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De t ir n - ing ti n - c- a - l i - in n - n - n - ti - - i- -m tyeiojr r a n - c 1 i - u i n - a - - S  n - l c - t a - r m n - a j n i n i - l  t i n - - c a - m n - b i -
n- ions that n - i r a -  to be- n-c-unn-sidene -d and calculating loads h i-n-i-: to
a-xce-ssin-i- - I lapp imn - s -

7 . 2 . 1  b a - n - s i g n_C o n n - d i t i a n n -s

I n n -  d e t e r m i n i n g  o u t — o l  — a - m n - a - e l o p e  c o n n- d i t i o n s  t h a t  n - m e  not ren~ n - L a- ,
suppositions of ex treme l oa h n - n n - n -~ conditions , such as exc essive-
gross n-n - c-ig ht and ounn -— af—c g l i m i t s , n-r n-- likely . Limits , such
as run,, n-n- irsrn -a-ed , a nn - n - n - i  fli ght mamn -n-n --uvers, must U n - n -  considered .

A p ilot nn-on-i i -n - l must be- used to establish the- bourn-daries of fli g h t
c o n d i t i o n s  t h a t  are r a n - m n - i o t a - -l i- pos s ib l e  t h a t  need be considered .
A rational approach tha t include-s possible- control inputs , fn - a s a - -
la pt - rate-s and attitudes , airsp- .-a-ds , rotor rpm vari ations , n-nc]
1 n - i  lot tm— m i rn - n - ; an-id ann -re-h ess of the results of a - I n - a - n - r a t i o n  b a n - y o m n - c l
t he  l i m i t s , is r e q u i r e d . A possible  approach  to t h i s  des i g n-n-
na- uuire -nin -e-nt would be to establish reasonn -abla- maximum un-la-cs for
t h e s e-  I n - n - n - r a a n - ; n - - t e r s  and to n -in -ply a margin of safety on the desi gn -n -
mane-over. The an -an - jor difficulty here will be to e-stn-ublish a
na-asona- } 1--  nunn-ber of combinations of conditions that cover the-
more- cn iti n -c - n - l mancuve-rs.

7 .2 .2 Desi gn -n - Loads

Current desig n- spa--cifications re-quit-i- n- a rotor blade to airframe
ac-learn-rn-ce of more than 9 inches under all fligh t  c o n d i t i o n s .
For ultimate flapping, zero clearance would be a reason - n - - n - n - bin -n-
limit . To require that the-re be no damage to the airframe or
in-lades due- to in—flight contact would be- too severe.

Once the limit conditions of no—contact—with — the -—f ]n-n-~.n-~ ing—s toj-s
is a- a-n-ac-coded , the loads and r e s u l t n - i n - n - t  b l a d e — j n -y l o n — f n - n - s i - -  i n - g e  na n -u —
tions must be colcn-alated . Ann - existing BH T h y b r id  c o n - c - n - p n - n t e r
program was a -nsa - i  to calculate examp les of mast shear and mo-
ments due to flapp ing stop contact in hover for a t i -- c - t e n i a - a -J
rotor helicopter. Blade , mast , and fuselage flexibility effecc-ts
were ina-c-luded in  t h i s  o d d .  However , this nn-odel was not
sc-n-n-lcd for loads see -i -n - during flapp ing stop contan - - t , a nn - n - i the
magnitudes of the- computed loads were -  not  c o n s i d e r n-’d i - i) n -n --
sufficienti y accurate. Figure di-) illustrates the t yi-n-a- of
load sp ikes  in the n- in - n - st shear and bending mo n-n - cnn - due- to flat -
ping ste-a- c on t n -. n - - n - n - t , and the significant Incri--asos in-i these loai-is
n-n -s the- blades att e n - n - t a - t to flap beyond the - stop .
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8. 1 n - I n -  ~n - L I i I’ )~~d

n - is s t n -n d v  lid n - n - u t. a - e n - n - i - n - a l  n - u n - n y  u n k n - : a - n - n -’ n - n  f l a p p - l r n - i - g  c l i - a r a c te r i  s—
t i a - n - s .  I n - n -  a ll a-:n sa-s l ar q c  f la ~ n - j n - i n -n - n -J ann-plituaies could be- exjn -La t m n - a - - u
U :  f:i- n - n - t a r s  n- h a - n - n - e l f  ia-d in  the p a e a n - n u t r i a -  s tud’: . L a rge  F l n - p j n - i n n - a - j
a n - n - n - n - n - ]  a- t n - a - n - i - - s  c on - i l d  b-n- i- . -n -pea -ted  n - -n - hi - - n - a the- simuln-i-ted in -a- licopters
-c-re ope n -n -  t a n - n - ]  u n -n - d e r  any  of  t i n - a.- foil f u n - - n - n- n - n - n -_i c o n d i t i o n s :

— n -it c a - r n - t n - - a -  of n-;ra ’:i ta-f e n - -n - i - rn - n - -an - n - es

- n - a - h e r  l a -n - n - -  or neyative—g conditions

— w i t h  l a r g e , ab r u p t  c - a n n - t a - o k  ian -~n -u t s

— inn -  n - c - n - n - n - n - d i t i o r as i n n - v a - l y i n g  s i g n i f i c a n t  r e t r e a t i n g  b l a d e
s t a l l

f l i i -  s t u d  i n - n - n - I  a - a - n - t n - - s  t h a t  if  a ha -n - l i c ol .- t c n - r is ope ra ted  o u t s i d e
i. ts t- i- - - .- n - n - -n - a n - a c - n - i - n - n - ul t - n - l f l  igh t  e n v e l op e , excess ia -a -  r lapp c r n - n -.~ can - n - occur

T I n - a-  n - n - m i n e  i p le hel icopter  ch a r a c t e r i s t i c s  t h a t  i n - n - f l  n - icn - n - - a -c f l a p —
p i n - I n - )  n-ure:

— f l n - n - p p i m n - q  restraint

— fuselage stability a:haracteristic-s

- hc lt con -n-ter loading conditions

A desig n - u crit .a - -n ia for flapping that reflects tIn-c structn-nral
n-ia-s i n - r n  ccn-i-ncepts of limit and ultimata- conditions is proposa-- ci.
Th i-  I i m i t  f l n - n -~n - n - n - i n n - g  c r ib a - r i a  are taken-n- from the c u r r i - n - n - n i t  s p e c - i f  i —

c a n - t o n s :

— no contact with f l ap p i n g  stops exn - n - c - a - ; .- L  c i m a n i r n - g  stopp i n - n - - ;
or s t a r t i n c n -  the ro to r

— a irfn -ime - clearance- of n-n-ot less tin -ann - 9 i n - n - n - h n - e s

The l i m i t  c r i t e r i a  app l ies  for all operation-is within -n - tin - a - rca-on—
men -ide-cl f l i — ~in - t c n n - a - e l o p e .

The- u l  i - i n c - n - it - f l a n - p p i m n - g  criteria w u n - n l c i  app l y t o  n - I l  I n - a n - s s n - b I .a--
o u t — o f — r e c a - n n - n - m n e n n - d a~d F l i gh t  c c - m n - n - - c - l o p e  f i n - g i n -i- c - o n - n - n - l a - i - i o n s  n-i nn- a-i n - n - l l -
- i r a n -  a - n - o n - n - U i  i - i o n - m s  t h a t  n-c- -c-i n n - n - n o t  be shown -n -  to  be e -x t r i -.- n - n i c - l y r n - - r n - m o t e .
Th c ’ nop osed  a - i t  i n n - i n - c  a - n - i - - l i - c r — i n-n - n i - - a - I n - li n e - :

- I 
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— a -  c - n - a u I - a r -~ on - U~~ n-n - n - n -~n-l n- s t r u c t u r e-  a h t . ie- i-a F l n - u J~ [ n - L n - n - c ;  S top
i- - o n - .  - n - i - n - n - n.

— n - n o  n - c - o n - ’n - t a n -.c- n- o f  i- i n - i - ’  r i - n - t o n  L - I u d e -  w i t h  a - i t a - n -  n - t i n - f r a n - n - i c

8.2 R L l C c - r L U~~-Ln -A i EO .~ n-~

13n - sen -h  on -n -  t In-c n a - s n - n i b s  of  n - H i s  s tu d y ,  tha n -  d e s i r a b i li t y  of t h e
n - n - m i  I -un - i n n - - i  a- n- - ms  to  r an-- a . h n - ncn - -  o r  n-- h an - a n - m n - a t e  e xc e S s i v e  iin-pp Lrmg at-c-

c-a-n-mis a - a - I t t- n - - n - h

- l o s t  - - a n - r n - n - i l  C i c n - n n - s ’n - n - h i n - -l- a c n - u s c n - -  ca -an - - ess  n- ‘—c I l a n - n - pirn - q  r e su l t  f r o m
n- n-~n - i  1 y di -  - ‘ -n - a l o ;n -  i n -n -q p i n - e n - n - - a n n - n - a - m n - n - i  s n - u n - - i n -  as U ]  n - n - i - n - -s t n - u  1.1 , I n -u n - a d  i rn -g I on -a - is
or n - I n - r a p e , I n- n - i - a - ; e  i-.- c n - n - t r o l  I n a - a n - s .  R I — d o  f l a n - n - n - n -  a - rn -g m n - n - c r c a~ n - s
r n - p i c l~~- f r a n - n - n  a c - n - n - - n - n -n . - U l e  n - a -  a - -x c e s s i v e  a n n - g l  a-s i n  oni y one-  or f - -ic
n o n -  or rn - n - - n - a - i a - n - ion -n - s, lea v i n g l i t t l e , in - -n-ny , mn -n - -n -ac tion t i m e  f o r
- hi-n- p i l o t  f - n - n -  cot -na-n -a- i-ha- s t — n - a n - t i e r -  - Den- i n -n - cs  s n - n c - h  as n - r l a p p i. n - ;
n - i n - d i n - n - - n - t o n s  om- g — l c v c ]  i an - - h Lcn -n -tors could not be- used c ffe - ct iv cn --ly
a-i n - ia n- . h i - .n- n a - n - c t -  i on  t i nn -n - c n - n - -n- -n - i  l n - b l e .  i l - n - n--n-- n- n-- n-n - e r , eh e s a n -  ci a -n -n - a - ic - cs  na n - n - i n-
be useful in -n - - a n - n - i icn-i t in -n - g to tin-a- pilot -n-hen han- is a c-rat ir-tg
un -n-a-h r ca - rn - n - i  it  n - o n - n - s  n-n-i - h n - n - - r o  . .n - n - n - utlu - is necn - n-Ied to an- n - n - a - n - i  r a pi d  c on n - t r o l
i n - n - p u t s  n - n - d i n - n -h a-n - nay  t r n -~~ ;c- r ex c c a ss iv a  f t - n - u 1 a p l i n - g .

n - m a c  .lar- .;e- , ab rn - api - con -n - n- ro il n -_ n - r n - n - n - i - s  n - ira- n-i p r im a r y  s o u r c e  of
-n - - n - - a - c - a n - - s s i v c  f l ap p  a n - n - j  a c - n - n - n d i  t i o n a s , t h e -  d e s i r a bi l i t y  of a c o n t r o l
rn-n-u i - c limiter is ca n - r n - s ide-re-h . l a - r n - a  t n - n - f  i-n -n-an - of p i l o t  inn - n-~- n-n t s is in-at
rn-onrn -n-ill y a - — r n -s.icic’r-:-n-I ii n-l a - s i  r a b i n - n -  fe - n - n -t n - n r c  bn - n - n - c - n - use - i t  i a n - p - n - n - c - C s  u rn
h a n d l i n g  n- .~n - n n - l i t i e - s .  A n - r n - n - - n - i a n - — a n - i f  bet wa-cnn - n-n- n - c - cc -c-pt . n-n- in- . I i - - n- n - n -n - n - i n - a - E n -i
n - r n - a - a nt rn -u t i- - s and a - h n - n - ’n-g n n -n - d n - i t . i o n - n -  of  tin - n - n - i -  - n - i n c - r n - F t  h n - n n d u i u n - n - ;  - 1u a l i t  i a - n - ;

n - n - m u s t  f n - ~n - m n-dc  a c --n - a l -r a t e  t b -n- -  t i - n - n - n - s i a n - a - l i L y  of s u c h  n-n- l i m n t i t ’ cr .
Sia - cn -n -- a n - n - n - cci -n -p tn -n -b l c control inn -p ut rn -n - c n-inn-k r on-n-c f 1 1 q h t  corn-cl i n - ian-n-
may i - n - -  un - n - n - n - a - n - n -n-n- p t a b l e  n - u n - n - h a -n - n  n - n - i - h e r  f I i cg i n - t  n - n - o n - n - n - n - I  i t i a v n - n - s  , n -n i -  a n - t a h i t i  —
cut ion-i to the - ca-n -n-tro l system or n - he stabil ity n -n -nd c o n t r o l
an - n - cntation system must ca-a-sin-Icr a n - i  p o s s i b l e  f l i ght c-i-n - c - tU ition - n - s.

The pilot is the ultimate controller of conditions tin -at generate
c-xc-cssive flappin g . The dan-n-;an- r of in - rn - ge , a h r a n ~n - t. c o n t r o l  i n n - p u t s
in flight conditions near retreating blade stall , or low q —
levels , sho uld be emphasized in traininn-i . Flight mane -n-a-i-n-ic- s
which are acceptable when the aircraft IS  held within its ope r-
ational envelopes may re-suit in excessive flapp irn-g if n- an y on -
those envelopes are exceeded. Improved i-rn -inning methods ann-a] use
of placards emphasizing n-an - c flee-c.] to remain within operational
enve lopes  would  be d e s i r a b l e .

8 . 3  ki n - lC -Dl n -P-1E N DA TIONS FOR Fn - J R T I I I - R ST I D Y

The ana lytical methods for predicting rotor f l a p p i n g  in- i s e v e r e-
maneuvers should be validate -U . It is recommena-]cd that flapp ing
be ca lculate -cl for s t r u c t u r a l  c i n - r n i c n - n - t s t r a t i o n  m a n e u v e r s  and com-
pared to the m eas u r ed f l app i n g . M o d i f i ca t i o n s  i - n - ’  e x i s t i ng
methods may be rci -iuircd.
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n - n - . i - n -.€ t hi n - - h n - n - 1 . -a- i-~’ t i - i  n-~~i - ’ c .a t a - t  o~~n - i s  U - n - n -  to i n - f l  i - n h  I L a n - n - n - n - t n - t - g  n-n - a-a-
- - ‘ m ’ -n- i a - n- n - i n -  l a - i i n - - n- n-Ic-v- n - l a - n -- a-n - h n - n - n - in - ] a-al u n - I n - n - t n - - n - I. U n - t n -  t . o a - n - - a - i l ;
- n -An -n - - a n - a n - a l a - t a - c  n - I  n - n - na - t A - m d  c o n - u l h  in-c a-a- n- n - i n n - a - - I  - r an .  -n- n- c o - - l a s t  in -c- rio-n-i -l
- ‘e s ts  u n - n - a l  n- ron -n -i h a - I i . c o~n - t e r  u -n-— an -n-n- - i n - n -  or  n - - n - n - n - i r l  - b u n - -i -  f a n - S t - S .

- - l- ~~m - -  w o r k  a s  n - - n- n - - n - n - t O t o  a a l l y n - a n - v a - i a - a -  t h a -- n - n - r - n - p O s  I a lt i n - t a t e
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LIST OF SYMBOLS

lift curve slone , 1/rad

a coning ctnile , shaf t axis , rad

a
1

S 
longitudinal flapping, shaft axis , rad

A collective pitch angle , rad

lateral cyclic pitch angle , rad

b 1 lateral flapping, shaft axis , rad

B
1 

longitudinal cyclic pitch angle , rad

C chord , ft.

c1 maximum flapping angle =~~ a~ + b~~~, rad

CT rotor thrust coefficient = T/ p (~ R)
2b c R

e flappin g hinge offset from shaft , ft

GW helicopter gross weight , lb

h distance from rotor hub to helicopter
ce nter of gravity, ft

flapping inertia of rotor blade , slug—ft 2

K
H flapping restraint spring constant , ft— lb/rad

fuselage rolling moment due to sideslip, ft—lb/deg

p helicopter roll rate , rad/sec 2

q helicopter pitch rate , rad/sec 2

R rotor radius , ft

t time , sec

control input time , sec

3 sideslip angle , deg
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LIST OF SYMBOLS - Continued

3,. flapping of rotor with hub restraint , rad

=0 flapping of rotor with no hub restraint , rad
H

rotor tip path plane ang le , shaf t axis , rad

Lock number = ~ a c

blade pitch, rad

rotor advance ratio

3 air density , slugs/f t3

rotor solidity

firs t order system time constant, sec

phase ang le of maximum flapping , rad

az imuth, rad

rotor rotatior~al speed , rad/sec
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